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Technical Abstract: 
Parmender P. Mehta, Ph.D
Connexins in Prostate Cancer Initiation and Progression.

The role of cell-cell contact-dependent communication in the progression of prostate cancer from a slow-
growing hormone (androgen)-dependent state to a highly malignant, hormone-independent state is not fully
understood. Gap junctions,  formed of proteins called connexins, provide a direct intercellular communication
pathway for the passage of small growth regulatory signaling molecules between the cytoplasmic interiors of
adjoining cells.  Mutations in various connexin genes have been detected in a wide variety of diseases related to
differentiation and proliferation. Connexins have been now documented to be legitimate tumor suppressors. 

Our studies have shown that epithelial cells from prostate tumors show  subtle alterations in the expression
of connexins in vivo and in vitro.  These alterations include intracellular accumulation of connexins in aggressive
prostate tumors and their impaired trafficking and assembly into gap junctions. Re-expression of connexins in
connexin-deficient, indolent prostate cancer cell line, LNCaP, retards growth in vivo and in vitro and induces
differentiation.  

Our long-term hypothesis has been that cell-cell communication through gap junctions constitutes a
homeostatic mechanism for restraining the growth of incipient prostate cancer cells during prostate cancer
progression.  Our accomplished work further documents that: 
1. The differentiated state of epithelial cells in normal prostate and in prostate tumors may depend on the

assembly of connexins into gap junctions and that during the progression of prostate cancer, pathways
governing the trafficking and assembly of connexins into gap junctions are impaired or altered.

2. Androgens selectively regulate the formation and degradation of gap junctions, which may be related to the
maintenance of the differentiated state of luminal epithelial cells and their survival. 

3. The  expression of cadherin-subtype appears to determine the sub-cellular — junctional versus intracellular
— fate of connexins.

4. Metastasis suppressing E-cadherin facilitates gap junction assembly whereas metastasis promoting N-
cadherin disrupts assembly.
The proposed studies have two aims.  The proposed experiments in aim 1 explore the molecular mechanisms

by which formation of gap junctions retards cell growth in vivo and in vitro. The two questions addressed are: 1.
Is the passage of small molecules through gap junctions required to retard tumor growth and invasion?  2. Does the
formation of gap junctions retard tumor growth by inducing the assembly of other junctional and signaling
complexes? Wild type connexins which form functional gap junctions and mutant connexins that form
nonfunctional gap junctions will be used to address these questions.  The proposed experiments in aim 2 will
elucidate the molecular mechanisms by which E-cadherin and N-cadherin modulate gap junction assembly
differentially.  We have hypothesized that E-cadherin facilitates gap junction assembly by preventing endocytosis
whereas N-cadherin disrupts assembly by inducing endocytosis. E- and N-cadherin will be over-expressed or
knocked down in cells expressing these cadherins and gap junction assembly and disassembly will be determined
using immunocytochemical and biochemical assays.

The proposed studies are innovative as they explore the molecular mechanisms by which connexins act as
tumor suppressors by interrogating the existing paradigm that transmission of growth regulatory molecules through
gap junctions may not be the sole mechanism.  These studies will not only define further the role of connexins in
the pathogenesis of prostate cancer but also serve as a guidepost in screening drugs that would facilitate the
assembly of gap junctions. 



Public Abstract
Parmender P. Mehta, Ph.D

Connexins in Prostate Cancer Initiation and Progression.

Prostate cancer is curable and is not life-threatening when detected at an early stage. In its late
stages, when the cancer cells have disseminated to distant organs, this cancer becomes life-threatening as
hormonal (androgen) ablation, surgical removal and radiation and chemotherapy are not curative. Because
the factors that promote the progression of prostate cancer from its incipient form to a life-threatening form
are not well understood,  knowledge of the  mechanisms involved in the transition of organ-confined
prostate cancer to its metastatic form is critical not only in understanding its progression but also in
designing alternative strategies for intervention. The incidence of prostate cancer escalates dramatically
at ages when men confront other competing causes of mortality. Hence, there is need to develop cell
culture models  that would gauge changes in malignant prostate cancer cells as they disseminate from
organ-confined environment to distant metastatic sites.

Most cells in tissues do not exist as single cells, but rather in groups of cells, because for the proper
formation of tissues, various cells need to associate with one another and, at times, also need to dissociate
from one another. This process of adhesion and dis-adhesion has to be precisely controlled because if this
does not occur properly, the growth of a tissue becomes stunted, often leading to the development of
cancer. Our research has identified 2 genes that might be important in regulating the invasive behavior of
prostate cancer cells — that is, in controlling dissociation of prostate cancer cells from their neighbors.
These genes code for proteins, called connexins, that assemble at cell-cell contact areas to form channels
and cluster to form special structures called gap junctions. 

Our research has shown that the channels embodied in gap junctions allow the exchange of small
growth regulatory molecules among cells, which synchronize cellular behavior — a process which we call
intercellular communication. Our studies have further shown that these proteins are gradually lost when
prostate cancer progresses to a more advanced (life-threatening) stage and that reintroduction of these
genes into prostate cancer cells corrects their cancerous behavior and influences the function of two other
important proteins that have been shown to prevent the spread of cancer cells from prostate to distant
organs (metastasis). Thus our studies have lead us to develop the notion that loss of one gene that controls
the invasive behavior of malignant prostate epithelial cells might lead to the loss of function of other genes
involved in controlling the similar behavior, and vice versa, although we do not understand the
mechanistic basis of our findings. 

The proposed studies are designed to understand the mechanistic basis of these novel findings. To
do so we wish to define further the molecular mechanisms by which these genes(connexins) regulate the
transition of prostate cancer from its indolent state to a more virulent state. The successful outcome of
these studies will help us understand the mechanism by which prostate cancer cells become more agile and
virulent. A good understanding of this process will allow us to design better drugs that will target and kill
more motile and invasive cells that spread to various parts of the body and kill the cancer patients.  



Innovation Statement

Prostate cancer has been estimated to be the second leading cause of death from cancer among men
in the United States. Two hallmarks distinguish prostate cancer from other cancers:  The first  is the
discrepancy between the high prevalence of latent cancer (histological changes recognizable as cancer) and
the lower prevalence of clinical cancer (clinically recognizable disease). The second hallmark is its
progression from a slow-growing, androgen-dependent state to a virulent, androgen-independent state. The
development of metastatic lesions remains the predominant cause of death for most cancer patients.  Thus,
identification of molecular events that facilitate the clonal expansion and dissemination of organ-confined
malignant prostate cancer cells to distant metastatic sites is crucial for designing strategies for intervention.

Gap junctions, formed of proteins called connexins, provide a direct intercellular communication
pathway for the passage of small growth regulatory signaling molecules between the cytoplasmic interiors
of adjoining cells. Connexins have been now documented to be legitimate tumor suppressors, but the
molecular mechanisms by which they affect tumor growth are not understood. We have pioneered studies
related to the role of connexins in the pathogenesis of prostate cancer. We have been using assembly of
connexins into gap junctions as a surrogate markers for screening novel chemopreventive agents such as
various non-toxic analogs of retinoids and vitamin D.  

 Decreased expression of cadherins and connexins has been reported separately to correlate with the
degree of malignancy and tumor grade in many prostate tumors but many metastatic tumors continue to
express both connexins and cadherins. Also, poor survival of the patients with normal E-cadherin expression
has been linked to defective function of α-catenin.   Despite these studies, the exact relationship between loss
of cadherins and connexins in predicting the clinical outcome of prostate cancer is not clear. Our studies have
pointed out  that loss of one junctional component, for example cadherins, might pave a way for the loss of
other junctional component and vice versa, and that there may be extensive cross-talk among various elements
of separate junctional complexes in facilitating or disrupting each other’s assembly. 

Hence a rigorous investigation into the molecular mechanisms by which both cadherins and connexins
act as tumor suppressors should define crucial checkpoints that are breached during invasion and metastasis.
The proposed studies in aim 1  explore the molecular mechanisms by which Cxs act as tumor suppressors by
interrogating the existing paradigm that transmission of growth regulatory molecules through gap junctions
may not be the sole mechanism. Aim 2 explores yet another novel idea whether the assembly of connexins
into gap junctions is the downstream target of signaling cascade triggered by the expression of N-cadherin
which triggers tumor cell  invasion in vivo and in vitro.  These studies will not only define further the role
of connexins in the pathogenesis of prostate cancer but also serve as a guidepost in screening drugs that would
facilitate the assembly of gap junctions. 



 
 

Impact  Statement 
 

Prostate cancer has been estimated to be the second leading cause of death from cancer among men in the 
United States. Two hallmarks distinguish prostate cancer from other cancers:  The first  is the discrepancy 
between the high prevalence of latent cancer (histological changes recognizable as cancer) and the lower 
prevalence of clinical cancer (clinically recognizable disease). The second hallmark is its progression from a 
slow-growing, androgen-dependent state to a virulent, androgen-independent state. The development of 
metastatic lesions remains the predominant cause of death for most cancer patients.  Thus, identification of 
molecular events that facilitate the clonal expansion and dissemination of organ-confined malignant prostate 
cancer cells to distant metastatic sites is crucial for designing strategies for intervention.  
 

The role of cell-cell contact-dependent communication in the progression of prostate cancer from a slow-
growing hormone (androgen)-dependent state to a highly malignant, hormone-independent state is not fully 
understood.  Gap junctions,  formed of proteins called connexins, provide a direct intercellular communication 
pathway for the passage of small growth regulatory signaling molecules between the cytoplasmic interiors of 
adjoining cells. Connexins have been now documented to be legitimate tumor suppressors. Our studies have 
shown that the differentiated state of epithelial cells in normal prostate and in prostate tumors may depend on the 
assembly of connexins into gap junctions and that during the progression of prostate cancer, pathways governing 
the assembly of connexins into gap junctions are impaired or altered.  Moreover, our studies have shown that 
androgens selectively regulate the formation and degradation of gap junctions, which are required to maintain the 
differentiated state of luminal epithelial cells and for their survival.   Furthermore the  expression of cadherin-
subtype appears to determine the sub-cellular — junctional versus intracellular — fate of connexins with 
metastasis suppressing E-cadherin facilitating gap junction assembly whereas metastasis promoting N-cadherin 
disrupting it. 
 

Decreased expression of cadherins and connexins has been reported separately to correlate with the 
degree of malignancy and tumor grade and decreased progression-free interval of prostate cancer as evidenced by 
several studies.  Similarly, poor survival of the patients with normal E-cadherin expression has been linked to 
defective function of α-catenin.   Despite these studies, the exact relationship between loss of cadherins and 
connexins in predicting the clinical outcome of prostate cancer is not clear. 
 

Our studies point out  that loss of one junctional component might pave a way for the loss of other 
junctional component and vice versa, and that there may be extensive cross-talk among various elements of 
separate junctional complexes in facilitating or disrupting each other’s assembly.   Thus loss of connexin 
expression might trigger the loss of other junctional component, leading to the loss polarized state, loss of cell-
cell adhesion and metastasis.  In the light of our proposed studies, and because of the potential interactions 
among different junctional components, an investigation into their additive and/or synergistic effects on the 
assembly and disassembly of connexins into gap junctions   may shed light on the mechanism by which loss of 
one junctional component initiates a signaling cascade to  promote invasion and motility of prostate cancer cells. 
 The proposes studies may lead to the design of drugs that can be used  to delay the progression of prostate 
cancer based on the assembly of connexins into gap junctions as an intermediate biomarker to monitor 
progression. 
 
 



        Parmender P. Mehta, Ph.D. 
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1. Introduction: 
Prostate Growth and Neoplasia.  The prostate is a classical 
exocrine gland composed predominantly of two types of cells: the 
epithelial cells, which line the ducts and acini, and the 
mesenchymal cells, which form the stroma [1].  The epithelial 
cells lining the ducts and acini are presumed to be the prime target 
cell type in prostate cancer (PC) [2-4].  The growth and 
differentiation of normal prostate epithelial cells are influenced by 
androgens and androgen-regulated reciprocal 
mesenchymal-epithelial interactions [5].  Androgens may govern 
prostate growth and differentiation directly by binding to the 
androgen receptor in epithelial cells to control their proliferation, 
differentiation and apoptosis, or indirectly, by acting on the stromal 
cells and inducing them to release growth factors [6-10].  
Although PC can be viewed as a disorder involving alterations in 
the endocrine, paracrine, and autocrine modes of cellular 
communication, the important question remains about how these 
modes affect cell-cell contact-dependent communication during 
the morphogenesis and oncogenesis of the prostate [11;12].   
 
Cell Junctions, gap junctions and Tissue Homeostasis.  The 
polarized and the differentiated state of epithelial cells is 
maintained by cell-cell and cell-matrix adhesion molecules, which 
assemble into large complexes called cell junctions [13] (Figure 1).  Most cells in a polarized epithelium are also 
interconnected by gap junction(GJ)s, which permit the direct passage of small molecules, such as cAMP, Ca+2 
and IP3 between adjoining cells [14].  The progression of PC from androgen-dependent state to androgen 
independent invasive state is characterized by loss of polarization and differentiation triggered by disruption of 
cell junctions [12;15-17].  Our studies have shown that direct communication through GJs is important in 
controlling the progression of PC [18-23].  Gap junctions are conglomerations of cell-cell channels that are 
formed by a family of 21 distinct 
proteins, called connexin (Cx)s.  The 
Cxs are designated according to 
molecular mass and GJ assembly is a 
multistep process (Figure 2).  
Communication through GJs is crucial 
for maintaining homeostasis [14;24].  
Impaired, or loss of, Cx expression 
has been documented in the 
pathogenesis of various carcinomas 
[14;18;23;25].  Moreover, many 
studies have shown that 
over-expression of Cxs in tumor cells 
attenuates the malignant phenotype in 
vivo and in vitro, reverses the changes 
associated with epithelial to 
mesenchymal transformation (EMT), 
and induces differentiation [18;23;26].  
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For example, Cx32 is expressed in the liver, lung, and exocrine glands, and knock out studies have shown that 
the incidence of carcinogen induced tumors in these mice is higher [27-29].  Finally, mutation in several Cx 
genes have been characterized in inherited diseases associated with aberrant proliferation and differentiation 
[14;30].  These studies support the notion that Cxs act as tumor suppressors.  Despite this the molecular 
mechanisms by which GJs are assembled and disassembled during PC progression and how they regulate cell 
growth remain poorly understood.  

 
2. Body 

 
Gap junctional channels admit a wide range of cellular molecules.  For example, the inorganic ions, virtually 

all metabolites, second messengers such as cAMP, Ca+2 and IP3, as well as vitamins [14].  Despite the fact 
that Cxs have been shown to act as tumor suppressors, it is as yet unknown how the exchange of these 
molecules is involved in retarding tumor growth [18;23;31].  Our studies with PC cell lines have shown that the 
introduction of Cx32 and Cx43 into Cx-null LNCaP cells retards cell growth in vivo and in vitro and induces 
differentiation.  These effects were contingent upon the formation of GJs and restoration of junctional 
communication because no effect on cell growth was observed when the same Cxs were introduced into highly 
invasive cell line, PC-3, in which Cxs remained intracellular and failed to form GJs [20;32].  Recent studies have 
shown that over-expression of Cxs in Cx-deficient tumor cell lines retards tumor growth even when Cxs remain 
intracellular and fail to assemble into GJs.  Also the effects on tumor growth and invasion seem to be 
Cx-specific, with some Cxs inhibiting growth while others producing no effect [26;33;34].  Intriguingly, 
expression of Cxs in LNCaP cells has recently been shown to increase their sensitivity to apoptotic stimuli 
triggered by TNF-α [35] and to growth inhibitory effects of retinoids [36].  Also, the channels composed of 
different Cxs not only form pores of different sizes but also act as molecular sieves by permitting the selective 
transfer some metabolites but not others [31;37].  For example, a Cx26 disease linked mutant selectively 
inhibits the transfer of only IP3 [38].  Some disease-associated Cx mutants fail to traffic to the cell surface [14].  
Thus, the exchange of signals through GJs may not be the sole mechanism by which formation of GJs 
retards tumor growth and that GJ complexes may permit the assembly of other junctional complexes.  
These findings raise two major questions with regard to the role of GJs in regulating cell growth in vivo and in 
vitro.  

 
1. Is the passage of small molecules through gap junctions required to retard tumor growth and 

invasion in vivo and in vitro?   
2. Does the formation of gap junctions retard tumor growth by inducing the assembly of other 

junctional complexes at the site of cell-cell contact?  
 

 The identification of scaffold proteins, such as ZO-1, that interact with Cxs on the cytoplasmic side raise 
the possibility that GJs may be transiently linked to the cytoskeletal elements as has been shown by our recent 
studies [30;39], and their formation might initiate or interrupt a signaling cascade through recruitment of other cell 
junction associated proteins.  This notion is supported by recent studies which showed that formation of GJs 
induces tight junction formation [40;41].  The objective of our studies is to discern which of the above signaling 
mechanisms is ensued upon the formation of GJs. The specific aims proposed were:  
 
Aim 1. To investigate if formation of gap junctions retards prostate cancer cell growth in vitro 

and in vivo by permitting the transmission of growth regulatory molecules.  
 
Aim 2.  Elucidate the molecular mechanisms by which cadherins modulate gap junction assembly 

differentially.  
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.Tasks 
 
1. Generate stable polyclonal cultures of LNCaP cells, using recombinant retroviruses, that express various 

engineered connexin constructs anticipated to assemble into functional and nonfunctional gap 
junctions.(6-18 months) 

 
2. Refine and further optimize biochemical assays for studying the assembly of connexins into gap junctions 

and those of cadherins into adherens junctions using Triton X-100 insolubility assay as well as ascertain 
that these assays are quantitative and reproducible (4-12). 

 
3. Refine and optimize methods for studying the trafficking of connexins and their subsequent assembly into 

of gap junctions by quantitative immunocytochemical analyses using deconvolution microscopy and 
volume rendering. (4-8 months). 

 
4. Perform functional assays, by micro-injecting gap junctional permeable fluorescent tracers, to confirm 

that mutant connexins are assemble into nonfunctional gap junctions as compared to those that express 
wild-type connexins. (8-18 months).  

 
5. Determine if the expression of wild-type and engineered mutant connexins in LNCaP cells alters the 

detergent insolubility of E-cadherin and tight junction associated protein occludin. (12-18 months). 
 
6. Determine if expression of wild-type and engineered mutant connexins affects the growth of polyclonal 

cultures of LNCaP cells in vitro using soft agar assay and by calculating the doubling times from the 
growth curves. 

 
7. Determine the tumorigenesis of polyclonal cultures of LNCaP cells — that form functional and 

non-functional gap junctions — by transplanting them subcutaneously and orthotopically into athymic 
mice.  For these studies 288 athymic nude mice will be used which are well-suited to undertake such type 
of experiments. (16-24 months) 

 
8. Examine if wild-type and mutant connexins are assembled into gap junctions appropriately in tumors by 

immunocytochemical and western blot analysis of the total and detergent-soluble and -insoluble fractions.  
 
9. Explore if trafficking and assembly of connexins into gap junctions are regulated differently by 

E-cadherin and N-cadherin in LNCaP cells. If yes, investigate the molecular basis of the difference by 
generating appropriate engineered cadherin and connexin constructs. (18-22 months) 

 
10. Optimize, through transient transfection, the efficiency of knocking down components of clathrin or lipd 

raft/caveolae- mediated pathways in LNCaP cells using immunocytochemical and biochemical 
approaches.(20-24 months) 

 
11. Optimize the concentrations of chloropromazine  and fillipin for inhibiting, respectively, clathrin and 

lipid raft/caveolae-mediated endocytosis, in LNCaP and PC-3 cells expressing connexin32 and 
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connexin43, using immunocytochemical and biochemical approaches.(20-24 months) 
 
12. Develop as well as optimize methodology to knock down E-cadherin and N-cadherin in LNCaP and PC-3 

cell lines using SiRNA and ShRNAs. 
 
13. Generate recombinant retroviruses harboring ShRNAs targeting various components of clathrin and lipid 

raft mediated endocytic pathways using retroviral packaging cell lines such as AmphoPack and PTi67 
(24-30 months). 

 
14. Generate stable polyclonal cultures of LNCaP and PC-3cells, using recombinant retroviruses, in which 

E-cadherin and N-cadherin has been knocked down or vice versa. (16-22 months) 
 
15. Examine if knock down of E-cadherin or N-cadherin affects the trafficking of connexins and their 

subsequent assembly into gap junctions in E-cadherin expressing LNCaP cells and N-cadherin expressing 
PC-3 cells (20-32 months).  

 
16. Characterize organelle-specific markers for localizing connexins to different sorting compartments and 

ascertain, or rule out, if knock down or over-expression of E-cadherin and N-cadherin alters the subcelluar 
fate of connexin32 and connexin43, or their subsequent assembly into gap junctions, as assessed by 
quantitative  immunocytochemical and biochemical analyses in LNCaP and PC-3 cells (16-32 months). 

 
17 Summarize and interpret data (12-36 months). 

TASKS 

Task 1. Generate stable polyclonal 
cultures of LNCaP cells, using 
recombinant retroviruses, that 
express various engineered 
connexin constructs anticipated 
to assemble into functional and 
nonfunctional gap junctions. 
(6-18 months). 

 
We retrovirally expressed wild type (WT) and 
mutant Cxs, shown in Figure 3, in LNCaP cells.  
We found that both wild type and mutant Cxs are 
expressed appropriately and are assembled into 
GJs (Figure 4).  Note larger GJ size of the 
mutant Cx (Cx43Δ257) and the smaller size of 
Cx32Δ220 (Figure 4, arrows) compared to WT 
counterpart.  Cxs are green whereas Epithelial 
cadherin (E-cad) and occludin in red.  
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Recombinant retroviruses harboring wild-type and 
mutant Cxs were produced and retroviral transduction 
and expression was achieved as described (reprints 

appended, see also Figure 5).  
 
Task 2. Refine and further optimize biochemical assays for studying the assembly of connexins into 

gap junctions and those of cadherins into adherens junctions using Triton X-100 insolubility 
assay as well as ascertain that these assays are quantitative and reproducible (4-12). 

. 
To optimize biochemical assays for the assembly of Cxs into GJs and those of cadherins into cell 

junctions, we treated Cx32-expressing LNCaP cells with retinoids, 9-cis Retinoic acid (9-CRA) and 
all-trans-retinoid acid (ATRA), which have been shown to enhance the assembly of Cxs into GJs [36;42].  
These studies showed that concomitant with an increase in the expression level of Cx32, treatment with 9-CRA 
and ATRA increased GJ assembly as 
assessed immunocytochemically (Figure 
6A) and biochemically by Western blot 
analysis of total and Triton X 
(TX)-100-insoluble extracts [32;43;44] 
prepared at various times after treatment 
(Figure 6B).   

 
Because E-cad has been shown to 

facilitate the assembly of Cxs into GJs 
[39;45], and Cx expression has been 
shown to facilitate the assembly of tight 
junctions [41], we also examined whether 
9-CRA and ATRA increased the expression 
level of Cx32 and its assembly into GJs 
indirectly by facilitating the assembly of 
other cell junctions as assessed by the 
detergent-insolubility of their constituent 
and associated proteins.  We found that 
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both 9-CRA and ATRA had no significant effect 
on the expression level of adherens junction 
protein E-cad, however, the assembly of tight 
junction protein, occludin, but not its 
associated protein ZO-1, appeared to have 
been enhanced (Figure 6B).  Thus our 
detergent-solubility assay is quantitatively 
reproducible, and reliably assesses the 
assembly of Cxs into GJs. In summary, we 
have refined assays to quantitatively assay the 
assembly of Cxs and cadherins biochemically.  
 
Task 3. Refine and optimize methods for 
studying the trafficking of connexins and 
their subsequent assembly into of gap 
junctions by quantitative 
immunocytochemical analyses using 
deconvolution microscopy and volume 
rendering. (4-8 months). 
 

Our previous studies have shown that Cxs are not assembled into GJs in invasive prostate tumors [20;46].  
We have also found that when Cx32 and Cx43 are introduced 
into invasive PC3 cells, they fail to form GJs due to impaired 
trafficking [32].  We have refined methods to induce the 
assembly of Cxs into GJs.  We have found that the trafficking of 
both Cx43 and Cx32 is induced when cells are grown on 
trans-well filters, which triggers partial cell polarization [39;45] 
(Figure 7).  Moreover, the trafficking and assembly of Cx32 
and Cx43 can be quantitatively studied by de-convolution 
microscopy (Figure 8). Thus, we have refined and optimized 
methods to study the trafficking of Cxs and their subsequent 
assembly into GJs.  
 
Task 4.  Perform functional assays, by micro-injecting gap 

junctional permeable fluorescent tracers, to confirm 
that mutant connexins are assembled into 
nonfunctional gap junctions as compared to those 
that express wild-type connexins. (8-18 months). 

 
To determine whether GJs composed of Cx32Δ220 are 
non-functional, we microinjected GJ-permeable fluorescent 
tracers into cells (Figure 9A).  We found that consistent with the 
immunocytochemical data (See Figure 4), GJs composed of 
mutant Cx32Δ220 were non-functional.  For example, 
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compared to cells expressing Cx32-WT, no transfer of Alexa 
488 and Alexa 594 was observed in cells expressing 
Cx32Δ220 (Figure 9A).  These data suggest that Cx32Δ220 
is assembled into nonfunctional GJs in LNCaP cells.  
Task 5.  Determine if the expression of wild-type and 
engineered mutant connexins in LNCaP cells alters the 
detergent insolubility of E-cadherin and tight junction 
associated protein occludin. (12-18 months). 
 
Expression of Cx32 has no effect on the detergent 
insolubility of cadherins and occludin.  Our previous 
studies showed that Cx32 was degraded upon androgen 
depletion by endoplasmic reticulum associated degradation 
(ERAD), and that androgens, 9-CRA and ATRA enhanced GJ 

formation by re-routing the ERAD-targeted pool 
of Cx32 to the cell surface [43].  Prompted by 
these data, we next examined the expression 
level and detergent-solubility of E-cad in LNCaP 
cells expressing wild-type Cx32 (Cx32-WT) and 
mutant Cx32 that form large GJs.  Our results 
showed that formation of GJs composed of 
Cx32 had no discernible effect on the solubility 
of E-cad in TX-100 (Figure 9B). See Figure 12 
for mutants that form large GJs.   

 
Task 6. Determine if expression of wild-type and engineered mutant connexins affects the growth of 
polyclonal cultures of LNCaP cells in vitro using soft agar assay and by calculating the doubling times 
from the growth curves. 
 
Task 7. Determine the tumorigenesis of polyclonal cultures of LNCaP cells — that form functional and 
non-functional gap junctions — by transplanting them subcutaneously and orthotopically into athymic 
mice.  For these studies 288 athymic nude mice will be used which are well-suited to undertake such type 
of experiments. (16-24 months) 
 
Task 8.Examine if wild-type and mutant connexins are assembled into gap junctions appropriately in 
tumors by immunocytochemical and western blot analysis of the total and detergent-soluble and -insoluble 
fractions.  
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Studies related to these tasks were not initiated. 
 
 
Task 9.Explore if trafficking and assembly of connexins into gap junctions are regulated differently by 
E-cadherin and N-cadherin in LNCaP cells. If yes, investigate the molecular basis of the difference by 
generating appropriate engineered cadherin and connexin constructs. (18-22 months). 
 
Expression of N-cadherin and R-cadherin disrupts gap junction assembly in Cx-expressing LNCaP 
cells.  The two hallmarks associated with the acquisition of the invasive state by tumor cells are: 1. 
Dysfunctional E-cad-mediated cell-cell adhesion. 2. Gain of mesenchymal cadherins such as neuronal cadherins 
(N-Cad), Cad-11 and R-cad.  Cadherin switching has been commonly observed in tumor cells undergoing EMT 
[17;47].  Recent studies have 
highlighted the role of EMT in 
PC progression, and cadherin 
switching has been linked to 
metastasis and the 
emergence of 
androgen-independence and 
poor patient prognosis after 
androgen ablation [48-56]  
Our studies with rat liver 
epithelial cells have shown 
that anti-invasive E-Cad 
facilitates, whereas 
pro-invasive N-Cad inhibits GJ 
assembly [45].  These 
findings prompted us to test if 
expression of N-Cad and 
R-Cad in E-Cad expressing 
LNCaP cells, which express 
retrovirally introduced Cx32 
and Cx43, would disrupt GJ 
assembly.  Our data showed 
that both cadherins promoted 
disassembly (Figure 10). 
 
Task 10. Optimize, through transient transfection, the efficiency of knocking down components of 

clathrin or lipd raft/caveolae- mediated pathways in LNCaP cells using 
immunocytochemical and biochemical approaches.(20-24 months).  

.  
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Construction of Mutant Connexn43 and Connexin32.  Connexins have been shown to be endocytosed by the 
clathrin-mediated pathway [57].  We  
engineered several mutants of both Cx43 and 
Cx32, which are not endocytosed efficiently, 
causing them to assemble into larger GJs.  The 
carboxyl tail of Cx43 harbors an endocytic motif 
(LSPMSPPGYKLV) that targets it to 
internalization by clathrin mediated endocytosis 
[58] (Figure 11, left).  We generated a Cx43 
mutant, Cx43Y286A/V289D, in which tyrosine 
(Y) 286 and valine (V) 289 were substituted with 
alanine (A) and aspartate (D), respectively 
(Figure 11).  Similarly, we have also found that 
the cytoplasmic tail of Cx32 harbors three 
dileucine [DE]XXXL[LI]-like motifs (for example, 
QNEINKLL), which control endocytosis of GJs 
(Figure 11, right).  Hence, we also created the 
following mutants: 1. L251A/L252A in which both 
leucines (L) were replaced with alanines. 2.  
L263A/R264A in which leucine and arginine 
were replaced with alanine.  3.  L212A/I213A in which leucine and isoleucine were replaced by alanine.  
These mutants were expected to be endocytosis-resistant and form large GJs.  
 
Expression of Cx32 and Cx43 and their Mutants and Gap Junction Assembly.  Human LNCaP cells are Cx-null 
[19].  We introduced WT-Cx32 and various mutants into early passage LNCaP cells using recombinant 
retroviruses as described in our earlier studies [59;60].  To examine if mutants were assembled into GJs, we 
immunostained infected cells with the antibodies against Cx32 and Cx43.  Our results showed the following:  1. 
Cx43 mutant, Cx43Y286A/V289D, formed 
larger GJs.  2.  Mutants L251A/L252A 
and L263A/R264A (not shown) — in which 
the dileucine-like motifs of Cx32 involved 
in the clathrin-mediated endocytosis have 
been mutated — formed larger GJs 
compared to those formed by WT-Cx32 
(Figures 11 and 12, Cx32 and Cx43 in 
green).  3. Intriguingly, mutant 
L212A/I213A failed to assemble into GJs 
and remained scattered as discrete 
vesicular puncta throughout the cytoplasm 
(not shown).  
 
The data shown in Figures 11 and 12 
hinted that clathrin was involved in the 
endocytosis of Cx32.  However, when we 
knocked down the AP2 subunit that is 
involved in clathrin-mediated endocytosis, 
we found that it had no effect on the 
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formation of GJs composed of 
Cx32-WT (Figure 13).   
 
Task 11. Optimize the 
concentrations of chloropromazine 
and fillipin for inhibiting, 
respectively, clathrin and lipid 
raft/caveolae-mediated endocytosis, 
in LNCaP and PC-3 cells expressing 
connexin32 and connexin43, using 
immunocytochemical and 
biochemical approaches. (20-24 
months). 
 

Several studies have shown 
that Cxs and GJs are internalized by 
the clathrin-mediated pathway 
[61-64].  Also, previous studies had 
demonstrated either a direct or 
indirect interaction of Cx43 with 
caveolin 1 and caveolin 2 in NIH 3T3 
cells and keratinocytes [65;66], suggesting a 
possible involvement of the non-clathrin-mediated 
pathway in the endocytosis of Cxs and GJs.  
Recently, GJs have also been found to be 
degraded by autophagy [67-70;70].  Because we 
observed no significant co-localization of Cx43 
with clathrin, EEA1, and caveolin1 in static images 
(See Figure 19 for images) and because Cx43 
trafficked normally to the cell surface yet failed to 
co-localize discernibly with endocytic markers in 
LNCaP cells, we used other approaches to 
examine which of the two pathways mediated 
endocytosis of Cx43.   
 

We first used hypertonic sucrose to inhibit 
the clathrin-mediated pathway [71] and filipin to 
inhibit the non-clathrin-mediated pathway [72].  
The specificity of inhibition of each pathway was 
assessed by measuring uptake of 
Alexa594-labeled transferrin or epidermal growth 
factor and Alexa594-labeled cholera toxin, which 
are predominantly endocytosed by the 
clathrin-mediated and the non-clathrin-mediated 
pathway, respectively [73] for 10-30 minutes.  As 
assessed by immunocytochemical analysis, these 
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studies showed that hypertonic sucrose 
inhibited the uptake of only transferrin and 
epidermal growth factor without affecting the 
uptake of cholera toxin while filipin inhibited 
the uptake of only cholera toxin without 
affecting the uptake of transferrin and EGF 
(Figure 14, legend).  Consistent with the 
above studies, we found that hypertonic 
treatment caused the disappearance of Cx43 
intracellular puncta whereas filipin had no 
effect.  However, hypertonic treatment failed 
to induce discernible gap junction assembly 
(Figure 15).  These findings hinted that the 
disappearance of intracellular puncta upon 
hypertonic treatment was likely caused by 
inhibition of clathrin-mediated endocytosis, 
which by itself was not sufficient to induce 
gap junction assembly.  
 
Task 12. Develop as well as optimize 

methodology to knock down E-cadherin and N-cadherin in LNCaP and PC-3 cell lines using 
SiRNA and ShRNAs. 

 
To explore whether the expression of E-cad and 

N-cad affects GJ assembly in a diametrically opposed 
way, we undertook two complementary experimental 
approaches.  First, we designed ShRNAs to knock down 
N-cad. Second, because an independent approach to 
knock down E-cad using ShRNA was not successful as it 
failed to reduce the expression of E-cad (not shown), we 
introduced human N-cad in cells expressing E-cad to 
override E-cad-mediated cell-cell adhesion.  We used 
recombinant retroviruses to express and knock down 
cadherins.  Also, for these experiments both N-cad and 
E-cad were myc-tagged to distinguish them from their 
endogenously expressed counterparts.  Figures 16 and 
17 show the representative data from three independent 
sets of experiments. 
 
 As assessed immunocytochemically and by the 
densitometric scanning of Western blots, ShN-cad 
decreased the expression level of N-cad by 80 ± 7 % (n=3) 
(Figure 16A) with a concomitant decrease in the 
localization of N-cad at the areas of cell-cell contact 
(Figure 16C, compare top left panel with the bottom left 
panel), decrease in the intracellular accumulation of Cx43 
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and an increase in GJ assembly (Figure 16C, 
compare top middle and right panels with the 
corresponding bottom panels).  Knock down of 
N-Cad had no discernible effect on the 
expression level of Cx43 but decreased the 
detergent-soluble fraction without affecting the 
detergent-insoluble fraction significantly 
(Figure 16B).  These effects were not 
observed when cells were infected with 
ShEGFP (Figure 16AB, left panels) or 
ShP-Cad, an ShRNA directed against placental 
cadherin (not shown).   
 
In the next series of experiments, we 
introduced myc-tagged N-cad in E-cad 
expressing cells and myc-tagged E-cad in 
N-Cad cells.  As assessed by quantitative 
immunocytochemical analysis, we found that 
the expression of E-cad in N-cad expressing 
cells induced GJ assembly and decreased 
intracellular Cx43 puncta (Figure 17A) 
whereas the expression of N-Cad in 
E-cad-expressing cells partially attenuated GJ 
assembly and caused intracellular 
accumulation of Cx43 (Figure 17B).  Taken 
together, these our results document that the 
presence of N-cad at the cell surface is 
associated with the attenuation of GJ 
assembly, whereas the presence of E-cad with 
the facilitation of the assembly.  
 
Task 13. Generate recombinant retroviruses harboring ShRNAs targeting various components of 

clathrin and lipid raft mediated endocytic pathways using retroviral packaging cell lines 
such as AmphoPack and PTi67 (24-30 months). 

 
These tasks were not initiated.  Please see Figure 13 for clathrin knock down. 
 
Task 14. Generate stable polyclonal cultures of LNCaP and PC-3 cells, using recombinant 

retroviruses, in which E-cadherin and N-cadherin has been knocked down or vice versa. 
(16-22 months). 

 
This task was only partially accomplished.  Please see Figure 16 for N-Cad knock down. 
 
Task 15. Examine if knock down of E-cadherin or N-cadherin affects the trafficking of connexins and 

their subsequent assembly into gap junctions in E-cadherin expressing LNCaP cells and 
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N-cadherin expressing PC-3 cells (20-32 months). 
 
This task was only partially accomplished.  Please see Figure 10. 
 
Task 16. Characterize organelle-specific markers for localizing 

connexins to different sorting compartments and 
ascertain, or rule out, if knock down or over-expression 
of E-cadherin and N-cadherin alters the subcelluar fate 
of connexin32 and connexin43, or their subsequent 
assembly into gap junctions, as assessed by quantitative  
immunocytochemical and biochemical analyses in 
LNCaP and PC-3 cells (16-32 months). 

 
Trafficking of Wild-type Cx32 and Its Mutants. To examine whether 
WT-Cx32 and its various mutants trafficked normally to the cell surface, we 
used cell-surface biotinylation as well as markers for the secretory and the 
endocytic compartments to assess their subcellular fate (Figure 18AB).  
Using biotinylation of E-cad, a cell-surface protein, as a positive control, we 
found that WT-Cx32 and mutants L251A/L252A and I263A/L264A were 
biotinylated significantly whereas mutant L212A/I213A could not be 
significantly biotinylated (Figure 18A). These data suggested that despite 
abundant expression mutant L212A/I213A either trafficked poorly to the 
cell surface and/or was targeted to other subcellular compartments.  

 
Connexins are Endocytosed non-canonically. Intriguingly, we also 
found that both WT-Cx32 and mutants L251A/L252A and L263A/R264A failed to co-localize with clathrin [74], 
with an early endocytic marker EEA1 [75], and with caveolin 1 (Cav 1) [76], which are the makers for the 
endocytic pathways (Figure 19).  Also, no 
discernible co-localization was observed 
with GM130, a cis-Golgi-resident protein 
[77], Giantin, a Golgi-associated structural 
protein [78] and Caveolin 2 (Cav-2) [76], 
which are the makers for the secretory 
compartments (data not shown; but see 
Figure 18B for markers).  In contrast, 
significant colocalization was observed with 
the lysososmal marker, Lamp2 [79;80] (not 
shown).  Taken together, these data 
suggest that although the cytoplasmic tail of 
Cx32 harbors endocytic motifs that could 
potentially mediate its internalization by the 
clathrin-mediated pathway, the endocytic 
itinerary of both wild-type Cx32 and its 
various mutants seemed to be 
nonconventional compared to other 
transmembrane proteins at least in the cell 
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line used in the present study [81].  Also, 
these experiments identified a new 
dileucine-like motif in Cx32 that likely 
controls its trafficking to the cell surface 
and governs its assembly into GJs.  
 
Task 17 Summarize and interpret 
data (12-36 months). 

 
Miscellaneous 
 
Live Cell Imaging of Gap Junctions. For 
determining the life-time of GJ plaques, we 
developed a procedure for the live cell 
imaging of LNCaP cells expressing 
fluorescently tagged Cxs.  Cells were 
seeded on LabTek two well chamber 
slides and allowed to grow for 3 days.  
Cells containing GJ plaques (2-3 µM long) 
were chosen for live-cell imaging.  After marking the positions of the plaques in X-Y plane, cells will be imaged 
every 15 min at 37°C for 8 h in an atmosphere of 5% CO2/95% air in a live cell imaging chamber mounted on an 
Olympus IX81 motorized inverted microscope (Olympus America Inc; Center Valley, PA).  The microscope is 
controlled by IX2-UCB U-HSTR2 motorized system with a focus drift compensatory device IX1-ZDC.  Images 
will be captured using a Hamamatsu ORCA ER2 CCD camera and processed by imaging software Slide-book 
version 6.0 (Intelligent Imaging Innovations, Denver, CO).  For each experimental condition, the life-time of 10 
GJ plaques was determined.  These 
procedures have also been described 
[45;82].  An example of the live cell 
imaging of a GJ plaque in LNCaP cells 
expressing EGFP-tagged Cx43 is shown 
in Figure 20 (see legend for details).  Our 
results showed that GJ plaques are long 
lived structures compared to short half-life 
of Cx43 and Cx32. 
 
Knock down of Endogenous Cx43 in 
RWPE-1 and PZ-HPV-7 cell lines.  To 
explore the role of GJs composed of Cx43 
and Cx32 regulates the acinar 
differentiation of RWPE-1 and PZ-HPV-7 
cells in 3-D cutlures, we  have knocked 
down the expression of endogenous Cx43 
using Sh-Cx43RNA described in our 
previous studies [82].  As assessed by 
immunocytochemical and Western blot 
analysis, our results showed that Cx43 
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expression was robustly reduced upon knock down in both cell types (Figure 21, legend).  These knocked 
down cells will be used to express Cx43 and Cx32 and their mutants (described above) to assess their effect on 
acinar morphology in 3-D cultures.  
 

3. Key Research Accomplishments 
 

1. We have identified a key motif in the cytoplasmic tail of both Cx43 that regulates its endocytosis possibly 
by the clathrin-mediated pathway.  The identified motif is —LSPMSPPGYKLV— which resides in the 
proline rich region encompassing amino acid 275 to 290 of Cx43.   

 
2. Endocytosis of Cx43 is regulated through phosphorylation and dephosphorylation of serine 279 and 282 

residing in this motif possibly via the clathrin-mediated pathway.  
 

3. We have identified three dileucine-like motifs in the cytoplasmic tail of connexin32 that regulate its 
trafficking and endocytosis and control its assembly into GJs.  The three dileucine [DE]XXXL[LI]-like 
motifs are the leucines 251 and 252, leucine 263 and arginine 264 and leucine 212 and isoleucine 213 in 
the cytoplasmic tail of Cx32.  The motif L212/I213 regulates trafficking whereas as motifs L251/L252 
and L263/R264 regulate the endocytosis.  

 
4. Retroviral-mediated expression of Cx43 and Cx32, in which motifs that regulate endocytosis have been 

mutated, in LNCaP cells results in the formation of large GJs.   
 

5.  ShRNAs to knock down N-cad and Cx43 were developed. 
 
4. Reportable Outcomes:  

 
1. The key research accomplishments supported by this award were reported at the following national and 

international meetings:   
 

• Johnson, K. E., Kelsey, L,K., and Mehta, PP (2008).  Assembly of Connexin43 and Connexin32 
is Regulated Differentially in a Human Cancer Cell lines.  American Society For Cell Biology, 
Annual Meeting. San Diego, December 13-16. 

 
• Govindarajan, R,. Chakraborty, S., Johnson, K.E., Kelsey, L.S., and Mehta, PP (2008).  

Assembly of Connexin43 into Gap Junctions is Differentially Regulated by E-cadherin and 
N-cadherin.  American Society For Cell Biology, Annual Meeting. San Diego, December 13-16. 

 
• Johnson, KE., Kelsey, LS., Katoch, P., and Mehta, PP (2009).  Trafficking and Assembly of 

connexins into gap junctions in human cancer cells.  2009 International conference on gap 
junctions, Sedona, Arizona, USA. 

 
• Mehta, PP (2010).  Connexins and Chemoprevention of Prostate Cancer.  Invited Speaker.  

10th International Conference of Mechanism of Antimutagenesis and Anticarcinogenesis. 
September 26-29, Guaruja, Sao Paulo, Brazil.  

 
• Johnson, KE., Kelsey, LS., Katoch, P., and Mehta, PP (2011).  Endocytosis of connexin43 and 
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the dynamics of gap junction assembly.  American Society For Cell Biology, Annual Meeting. 
Denver, December 3-7. 

 
• Katoch, P; Mitra, S., Johnson, KE., and Mehta, PP (2011).  Cytoplasmic tail of connexin32 and 

the assembly of gap junctions.  American Society For Cell Biology, Annual Meeting. Denver, 
December 3-7. 

 
• Katoch, P., Ray, A., Kelsey, L., and Mehta, PP (2013).  Two dileucine-like motifs govern the 

endocytosis of connexin32.  International Meeting on Gap Junctions 2013, Charleston, SC. July 
13-18. 

 
 

2. The following key papers supported by this award have been published and are included as appendices. 
(see appendix). 
 

• Chakraborty S, Mitra S, Falk, M, Caplan S, Wheelock MJ, Johnson K, and Mehta PP (2010).  
E-cadherin differentially regulates the assembly of connexin43 and connexin32 into gap 
junctions in human squamous carcinoma cells.  J Biol Chem 285: 10761-10776. 

 
• Govindarajan, R; Chakraborty, S; Johnson, KE; Falk, MM; Wheelock, MJ; Johnson, KR and 

Mehta, PP (2010).  Assembly of connexin43 is differentially regulated by E-cadherin and 
N-cadherin in rat liver epithelial cells.  Mol Biol Cell 21: 4089-4107. 

 
• Kelsey, L; Katoch, P; Johnson, KE; Batra, SK; and Mehta, PP (2012).  Retinoids regulate the 

formation and degradation of gap junctions in androgen-responsive human prostate cancer 
cells.  PLoS ONE, 7: e32846 

 
• Johnson, KJ; Mitra, S; Katoch, P; Kelsey, LS; Johnson, KR; and Mehta, PP (2013).  

Phosphorylation on Serines 279 and 282 of connexin43 regulates endocytosis and gap 
junction assembly in pancreatic cancer cells.  Mol Biol Cell: 24, 715-733. 

 
 

3. The following key paper supported by this award has been submitted for publication(see appendix). 
 

Kelsey, L; Katoch, P; Ray, A; Mitra, S; Chakraborty, S; and Mehta, PP (2013).  Vitamin D3 Regulates 
the Formation and Degradation of Gap Junctions in Androgen-Responsive Human Prostate Cancer 
Cells.  PLoS ONE, Submitted.  

 
4. The following student was supported in part by this award: 
 
 Parul Katoch:  A sixth year graduate student.  Expected date of graduation is May 2014. 
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5. Conclusions 
 
The differentiated state of epithelial cells in normal prostate and in prostate tumors may depend on the assembly 
of Cx32 and Cx43 into gap junctions. During the progression of prostate cancer, pathways governing the 
trafficking and assembly of Cxs into gap junctions are impaired or altered.  Cadherins regulate gap junction 
assembly and disassembly with metastasis-suppressing E-cad facilitating the assembly whereas 
metastasis-enhancing N-Cad facilitating disassembly.  Both Cx43 and Cx32 are internalized by the 
clathrin-mediated endocytosis.  However, both Cx43 and Cx32 traffic by the non-conventional endosomes.  
Our results also show that the defective assembly of both Cx43 and Cx32 is restored upon expressing 
sorting-motif mutants of these Cxs, which do not interact with the AP2 complex.  For Cx43 our results have 
shown that phosphorylation of serine 279 and 282 targets it for endocytosis by the clathrin-mediated pathway.  
Thus, gap junctions composed of both Cx43 and Cx32 are internalized by clathrin-mediated endocytosis and are 
the targets of downstream signaling initiated by cadherins.   
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The trafficking and assembly of connexins (Cxs) into gap junctions are defective in 
different cancers, however, the molecular basis of this defect has not yet been defined.  
In particular, the role of Cxs in the pathogenesis of pancreatic cancer has not yet been 
explored.  As a first step towards achieving this end, we have examined the expression 
and localization of Cx43, Cx26, Cx32 and Cx36 — the four Cxs expressed in the normal 
pancreas,  in various pancreatic cancer cell lines.  In one model cell line, BxPC3, we 
found that Cx43 was inefficiently assembled into gap junctions despite adequate 
expression and remained intracellular.  In contrast, exogenously-introduced Cx32 was 
assembled efficiently into gap junctions in BxPC3 cells.  Immunocytochemical analyses 
revealed that Cx43 co-localized partially with both early secretory and with endocytic 
markers such as GM-130, EEA1, clathrin, caveolin-1 and Lamp-1.   Cell surface 
biotinylation revealed that Cx43 trafficked normally to the cell surface, suggesting that it 
was endocytosed prior to its assembly into gap junctions.  To determine the pathway by 
which Cx43 was endocytosed, we used chlorpromazine, which inhibits the clathrin-
mediated pathway, and filipin and methyl-β-cyclodextrin (MβCD), which inhibit the lipid 
raft-mediated pathway.  We found that both classes of inhibitors attenuated the 
endocytosis of Cx43 and facilitated its assembly into gap junctions.  Our findings 
suggest that the assembly of Cx43 and Cx32 into gap junctions upon arrival at the cell 
surface is subject to Cx-specific distinct regulatory mechanisms at the site of cell-cell 
contact.  
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Loss of E-cadherin expression triggers dissemination of tumor cells, whereas gain of N-
cadherin expression triggers motility.  Hence, we investigated whether these cadherins 
affect the assembly of gap junctions differently.  The assembly of connexin (Cx)43 into 
gap junctions was investigated in iso-genic clones, derived from rat liver clone9 (RL-
CL9) cells, that express either E-cadherin or N-cadherin.  We hypothesized that E-
cadherin will facilitate the assembly whereas N-cadherin would disrupt it.  The assembly 
of Cx43 into gap junctions was examined immunocytochemically and biochemically by 
detergent-solubility assay.  In E-cadherin expressing clones, Cx43 was assembled into 
large, detergent-insoluble gap junctions whereas in N-cadherin expressing clones it 
remained intracellular as discrete puncta, which remained detergent-insoluble.  Forced 
expression of N-cadherin in E-cadherin expressing clones disassembled gap junctions 
whereas shRNA-mediated knock down of N-cadherin induced gap junction assembly.  
Cell surface biotinylation revealed that Cx43 trafficked normally, and degraded with a 
similar kinetics, both in E-cadherin and N-cadherin clones, suggesting that the 
intracellular accumulation was not caused by impaired trafficking but by  endocytosis 
prior to gap junction assembly.  To test this notion, we investigated the pathway by 
which Cx43 was endocytosed.  We used chlorpromazine to inhibit clathrin-mediated  
pathway  and filipin and methyl-β-cyclodextrin (MβCD) to inhibit lipid raft- mediated 
pathway.  Both filipin and MβCD increased gap junction assembly profoundly in N-
cadherin expressing clones but had no effect on the assembly in E-cadherin clones. 
Immunocytochemical analyses revealed that Cx43 in N-cadherin expressing clones did 
not co-localize with early endocytic markers such as EEA1, clathrin and  caveolin-1.  
These data suggest that N-cadherin disrupts gap junction assembly by inducing the 
endocytosis of Cx43 into detergent-resistant vesicles prior to its assembly into gap 
junctions.  The diametrically opposed effect of E-cadherin and N-cadherin on gap junction 
assembly may rationally explain the intriguing and contrasting roles of these cadherins in 
regulating tumor cell motility. 
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It is as yet unknown how the trafficking and assembly of connexin(Cx)s into gap 
junction(GJ)s are initiated upon cell-cell contact.   The importance of undertaking these 
studies is underscored by the fact that dysfunctional cell-cell adhesion and aberrant 
assembly of Cxs into GJs are the hallmarks of cancer progression.  We investigated 
whether the assembly of Cx32 into GJs were contingent upon E-cadherin mediated cell-
cell adhesion.  We also examined the role of carboxyl terminus (CT) of these Cxs in 
initiating the formation of GJs and in determining the GJ size.  Using cadherin and Cx 
null cells, and by introducing Cx43 and Cx32, either alone or in combination with E-
cadherin, we demonstrated that cadherin-mediated cell-cell adhesion was neither 
essential nor sufficient to initiate GJ assembly de novo, and facilitated the assembly of 
only preformed GJs composed of Cx43 whereas the growth of cells on trans-well filters 
was required to initiate the assembly of Cx32.   We also demonstrated that ZO-1 and 
the CT of Cx43 were required to initiate GJ assembly de novo or to stabilize them via 
direct or indirect interaction with the actin.  To define motifs that determine the size of 
GJs composed of Cx32, a series of deletion mutants, with progressive truncation of 20 
amino acids, was expressed in prostate cancer cell line, LNCaP, by recombinant 
retroviruses.  The data showed that critical motifs that determined the size of GJs 
spanned between amino-acids 230-250 of Cx32CT, which contained two PKA 
phosphorylation sites RKGS and RLS, with putative phosphorylatable serine(S) 
residues at positions 233 and 240.  To determine if phosphorylation of S233 and S240 
of Cx32CT regulated GJ size, we substituted these residues with alanine and expressed 
the mutated Cxs by recombinant retroviruses in LNCaP cells.  While a decrease in the 
frequency of larger GJs was seen in a double-mutant Cx32S233A-S240A, the most 
significant decrease was observed when two additional serines, S225 and S229, were 
substituted with alanine.  These data suggest that phosphorylation of Cx32CT at these 
residues determines GJ size.  Our findings suggest that the assembly of Cx32 and 
Cx43 into GJs is subject to regulatory mechanisms at cell-cell contact and that the 
assembly is governed by a complex interplay of E-cadherin, the carboxyl termini of Cxs 
and the actin cytoskeleton.  
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Prostate cancer has been estimated to be the second leading cause of death  among 
ageing men in the United States.  Two hallmarks distinguish prostate cancer from other 
cancers: The first  is the discrepancy between the high prevalence of latent cancer and 
the lower prevalence of clinical cancer.  The second hallmark is its progression from a 
slow-growing, androgen-dependent state to a virulent, androgen-independent state. 
Thus, identification of molecular events that facilitate the clonal expansion and 
dissemination of organ-confined malignant prostate cancer cells to distant metastatic 
sites is crucial for designing strategies for the chemoprevention.  Although it is well-
established that the androgens and the natural and the synthetic analogs of vitamin A 
and D govern the proliferation and differentiation of normal and malignant prostate 
epithelial cells, the mechanisms involved have remained obscure.  Our studies have 
shown that the expression of connexin connexin43 and connexin32 in an indolent, 
androgen-dependent prostate cancer cell line, LNCaP, retards growth, whereas that in 
an invasive, androgen-independent cell line, PC-3, results in their intracellular 
accumulation without significant effect on growth.  Using connexin43 and connexin32 
expressing LNCaP clones, we have examined the effect of Di-hydro testosterone 
(DHT), a synthetic androgen mibolerone (MB), 1, 25 (OH)2 vitamin D3 (1,25 D), all-
trans-retinoic acid (ATRA), and 9-Cis retinoic acid (9-CRA), either alone or in 
combination, on the formation and degradation of gap junctions.   Treatment with DHT 
(10-100 nM), MB (1-5 nM), 1,25 D (10-100 nM), ATRA and 9 CRA (1μM) increased the 
assembly of both connexins into gap junctions as assessed immunocytochemically and 
biochemically by western blot analyses of Triton X-100-insoluble cell extracts.  
Androgen removal induced the degradation of gap junctions composed of connexin32 
and the degradation was prevented by ATRA, 9-CRA and 1,25 D.   The expression and 
degradation of E-cadherin and occludin, the constituent proteins of adherens and tight 
junctions, were not significantly affected.   We also studied the effect of these agents on 
the formation and degradation of gap junctions in LNCaP clones expressing C-terminus 
deleted mutants of connexin32 and connexin43 to investigate if intact C-termini were 
required.  Our findings suggest that one of the mechanisms by which these agents 
might maintain the differentiated state of prostate epithelial cells and act as 
chemopreventive agents may be related to their ability to control the formation and 
degradation of gap junctions. 
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Connexin(Cx)s, the constituent proteins of gap junctions, are expressed both in a 
tissue-specific manner as well as redundantly.  Redundant and tissue-specific 
expression implies that distinct mechanisms must exist to regulate the assembly of each 
Cx into gap junctions.  The importance of understanding this is underscored by the fact 
that the trafficking and assembly of Cxs into gap junctions are defective in different 
cancers.  To explore how the assembly of Cxs is regulated upon arrival at the cell 
surface, we used two pancreatic cancer cell lines, BxPC3, in which Cx43 is inefficiently 
assembled and remains intracellular while Cx26 is efficiently assembled into gap 
junctions, and Capan-1, in which both Cxs are inefficiently assembled.  Cell surface 
biotinylation showed that Cx43 trafficked normally to the cell surface and was 
endocytosed by the clathrin-mediated pathway in a Rab5-dependent manner before its 
assembly into gap junctions.  Yeast two hybrid analysis showed that Cx43 interacted 
with the μ2 subunit of the AP-2 complex via a consensus sorting signal, YKLV, residing 
in its cytoplasmic tail between amino acid residues 286-289. Retrovirus mediated 
transduction of mutant Cx43Y286A/V289D, but not of wild type Cx43, induced gap 
junction assembly in BxPC3 and Capan-1 cells.  Phosphorylation of serines in the 
vicinity of YKLV has been shown to modulate the interaction between the cargo and the 
AP-2 complex.  As assessed by immunocytochemical analysis, we found that transient 
transfection of mutants Cx43S279A and Cx43S282A, but not of Cx43S279D and 
Cx43S282D, also induced gap junction assembly in both cell lines.  Transient 
transfection of mutants Cx43Y286/V289D, Cx43S279A and Cx43S282A also prevented 
endocytosis of Cx43 in single cells.  Finally, retrovirally-introduced Cx32 was assembled 
efficiently into gap junctions in BxPC3 cells.  Our findings document that the assembly 
of Cxs into gap junctions upon arrival at the cell surface is subject to regulatory 
mechanisms at the site of cell-cell contact that are likely to be Cx specific. 
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The spatio-temporal events and cellular factors required for the de novo formation of a 
nascent gap junction plaque, its growth, and disassembly are poorly understood.  The 
assembly of gap junctions is a multi-step process, and is initiated when six 
connexin(Cx)s oligomerize to form connexons, which dock with connexons on 



contiguous cells to form intercellular channels.  A gap junction plaque is formed when 
several intercellular channels cluster.  We previously showed that the carboxyl tail (CT) 
of Cx32, a Cx highly expressed in well-differentiated and polarized cells, may be 
required to initiate the formation of a gap junction plaque and/or its subsequent growth.  
To explore the role of Cx32-CT further, a CT-truncated Cx32 (Cx32∆220) as well as full 
length Cx32 (Cx32-FL) were retrovirally introduced in three separate cell-culture model 
systems.  As assessed by quantitative immunocytochemical analyses, our results 
showed that Cx32∆220 showed 2-3 fold decrease in gap junction size compared to 
Cx32-FL.  Cell surface biotinylation showed that Cx32∆220 trafficked normally to the 
cell surface, however, it was inefficiently assembled into gap junctions as assessed by 
detergent-solubility assay.  Immunocytochemical analysis showed that Cx32∆220 did 
not colocalize with markers of the secretory and endocytic pathway.  Moreover, 
expression of Cx32-FL in cells stably expressing Cx32∆220 increased the size of gap 
junctions, implying the direct involvement of Cx32-CT in this process.  To define which 
domain of Cx32-CT determined the size of gap junctions, a series of deletion mutants, 
with progressive truncation of 20 amino acids, was retrovirally expressed in human 
prostate cancer cell line, LNCaP, in pancreatic cancer cell line, BxPC3, and in RL-CL9 
cells.  These experiments showed that the domain that determined the size of gap 
junctions lied between amino-acids 230-250 of Cx32-CT.  A protein motif search 
identified two PKA phosphorylation motifs: RKGS and RLS, with putative serine 
residues at positions 233 and 240 that might be phosphorylated.  Protein kinase A 
mediated phosphorylation has previously been shown to increase clustering of cell-cell 
channels.  Our findings thus imply that the PKA phosphorylation motifs in Cx32-CT may 
regulate gap junction size and growth.   
 
 

 
Abstract: 2013 

 
Katoch, P., Ray, A., Kelsey, L., and Mehta, PP (2013).  Two dileucine-like motifs 
govern the endocytosis of connexin32.  International Meeting on Gap Junctions 
2013, Charleston, SC. July 13-18. 
 
 
Two dileucine-like motifs govern the assembly of connexin32 into gap junctions  
 
Parul Katoch, Anuttoma Ray, Linda Kelsey and Parmender P. Mehta 
 
Department of Biochemistry and Molecular Biology, University of Nebraska Medical 
Center, Omaha, NE  
 
Connexin (Cx)32 is expressed in the polarized cells of pancreatic and prostatic acini yet 
little is known about how gap junction (GJ)s composed of it are assembled and 
disassembled.  Earlier studies demonstrated that the impaired assembly of Cx43 in 
pancreatic tumor cells was corrected by expressing an endocytosis-defective mutant, 
which did not interact with AP2 complex.  Our study also showed that the cytoplasmic-



tail of Cx32 regulated its assembly into GJs.  To determine the motifs that govern Cx32 
GJ assembly, we examined the role of two dileucine [DE]XXXL[LI]-like motifs present in 
its cytoplasmic tail, which have been known to mediate the clathrin-mediated 
endocytosis of many transmembrane proteins.  Hence, we constructed the following 
Cx32 mutants in which the leucines and the arginine in the dileucine-like motifs were 
substituted with alanine: 1. L251A/L252A. 2. L263A/R264A.  These mutants and the 
wild-type Cx32 (Cx32-WT) were expressed retrovirally in prostate and pancreatic 
cancer cell lines.  The results showed that compared to Cx32-WT, the mutants formed 
significantly larger GJs.  Cell surface biotinylation showed that both Cx32-WT and the 
mutants trafficked normally.  Based on the kinetics of degradation of cell-surface 
biotinylated pool of Cx32-WT and the mutants, our results showed that the half-life of 
mutants was significantly prolonged, suggesting an increased residence time of mutants 
at the cell surface.  However, clathrin-knock down had no effect on the internalization 
and the half-life of cell-surface associated Cx32-WT and the mutants.  Remarkably, our 
results showed that neither Cx32-WT nor mutants co-localized with the known endocytic 
markers. To examine whether Rab5 was involved in the endocytosis of Cx32, we 
expressed EGFP-tagged wild-type Rab5 and its dominant-active mutant in cells 
expressing Cx32-WT and the mutants.  We found that only Cx32-WT co-localized 
significantly in Rab5-positive vesicles.  Thus, our findings point out a critical but intricate 
role of dileucine-like motifs in governing Cx32 GJ assembly.   



E-cadherin Differentially Regulates the Assembly of
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It is as yet unknown how the assembly of connexins (Cx) into
gap junctions (GJ) is initiated upon cell-cell contact. We inves-
tigated whether the trafficking and assembly of Cx43 and Cx32
into GJs were contingent upon cell-cell adhesion mediated by
E-cadherin.Wealso examined the role of the carboxyl termini of
these Cxs in initiating the formation of GJs. Using cadherin and
Cx-null cells, and by introducingCx43 andCx32, either alone or
in combination with E-cadherin, our studies demonstrated that
E-cadherin-mediated cell-cell adhesion was neither essential
nor sufficient to initiate GJ assembly de novo in A431D human
squamous carcinoma cells. However, E-cadherin facilitated the
growth and assembly of preformed GJs composed of Cx43,
although the growth of cells on Transwell filters was required to
initiate the assembly of Cx32. Our results also documented that
the carboxyl termini of both Cxs were required in this cell type
to initiate the formation of GJs de novo. Our findings also
showed that GJ puncta composed of Cx43 co-localized exten-
sively with ZO-1 and actin fibers at cell peripheries and that
ZO-1 knockdown attenuated Cx43 assembly. These findings
suggest that the assembly of Cx43 and Cx32 into GJs is differen-
tially modulated by E-cadherin-mediated cell-cell adhesion and
that direct or indirect cross-talk between carboxyl tails of Cxs
and actin cytoskeleton via ZO-1 may regulate GJ assembly and
growth.

Gap junctions are conglomerations of intercellular channels
that permit the direct exchange of ions, secondmessengers, and
other molecules of less than 1500 Da between the cytoplasmic
interiors of contiguous cells. The channels are composed of a
family of proteins called connexins (Cx)2 that are designated
according to theirmolecularmass (1). The assembly of Cxs into

GJs is a multistep process. The newly synthesized Cxs are co-
translationally inserted into the endoplasmic reticulum, which
oligomerize to form hexamers called connexons. The connex-
ons are delivered to the cell surface via Golgi and trans-Golgi
network in small vesicles and dock with the connexons in the
contiguous cellmembranes to form intercellular channels. AGJ
plaque is formed when several intercellular channels cluster (2,
3). Because of the short half-life of Cxs (2–5 h), the plaque is in
a dynamic state and is thought to model and remodel con-
stantly through recruitment of newly synthesized connexons to
the periphery and through endocytosis of moribund plaque
components from the center or through the endocytosis of the
plaque in its entirety (4–7). Although much has been learned
about the intracellular transport of Cxs, the delivery of connex-
ons to the cell surface, the formation of cell-to-cell channels,
the spatio-temporal events and cellular factors required for the
initial docking of connexons, the de novo formation of a nascent
GJ plaque, its growth, and disassembly are poorly understood
(2, 8).
The proximity between the plasma membranes of adjoining

cells is, a priori, necessary for the formation of GJs, and cell-cell
adhesion has been thought to facilitate this process. Cell-cell
adhesion ismediated by cadherins, which belong to a large fam-
ily of transmembrane proteins. Of all the cadherins, the most
predominant isoform expressed in epithelial cells is the epithe-
lial (E)-cadherin (9–11). Apart from controlling the formation
of tight junctions and desmosomes, forced expression of E-cad-
herin has been shown to restore cell-cell adhesion and induce
GJ assembly, and abolition of cadherin mediated cell-cell adhe-
sion has been shown to disrupt the assembly (12–15). Despite
these studies, the possible mechanism(s) by which cadherins
might regulateGJ assembly have yet to be explored. The impor-
tance of undertaking these studies is underscored by the fact
that dysfunctional E-cadherin-mediated cell-cell adhesion as
well as aberrant assembly of Cxs into GJs are the hallmarks of
cancer progression (16–18).
Here we sought to investigate if cell-cell adhesion mediated

by E-cadherin expression was sufficient by itself to induce the
assembly of Cxs into GJs or whether additional events were
required. Because both cadherins and Cxs belong to a large
family of related proteins, and most cells in vivo and in vitro
are likely to express more than one family member (2, 10, 18), we
thought to delineate these mechanisms in a cell culture model
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system that was Cx- and cadherin-null and where cadherins
andCxs could be introduced either alone or in combination (19,
20). Moreover, we rationalized that if the expression of a cad-
herin or cell-cell adhesion mediated by it per se was the sole
determinant of the assembly of Cxs into GJs, then the assembly
should be independent of the subtype of Cx introduced. Fur-
thermore, because some Cxs are expressed in a tissue-specific
manner (18), and have divergent carboxyl termini that might
interact with the cadherins directly or indirectly to regulate GJ
assembly (2, 18, 21, 22), we also assessed the role of these ter-
mini in initiating the formation of GJs in the presence and
absence of E-cadherin.
Using cadherin- and Cx-null A431D cells, derived from

human squamous carcinoma cell line A431(19, 20), and by
introducing Cx43, a ubiquitously expressed Cx (22), and Cx32,
a Cx preferentially expressed by the well differentiated and
polarized cells (23), either alone or in combination with E-cad-
herin, we show that E-cadherin-mediated cell-cell adhesion
facilitates the growth and assembly of only preformedGJs but is
not sufficient to trigger the assembly of GJs de novo. We also
show that in this cell system the carboxyl termini of Cx32 and
Cx43 are required to initiate the formation of GJs de novo.
Finally, our findings suggest a role for ZO-1 and actin filaments
in initiating the formation or stabilization of GJs. Our data
imply that the assembly of different Cxs into GJs is governed in
a complexmanner by E-cadherin, which in turnmay depend on
the motifs in the Cxs themselves and additional proteins that
permit or impede docking of connexons and clustering of gap
junctional channels.

MATERIALS AND METHODS

Cell Culture—The characterization of cadherin-null A431D
and its E-cadherin-expressing counterpart, A431DE, has been
described (19). These cells were grown in Dulbecco’s modified
Eagle’s medium (Invitrogen) supplemented with 2.5% defined
fetal bovine serum and 2.5% bovine growth serum (Hyclone,
Salt Lake City, UT) in an atmosphere of 5% CO2, 95% air.
A431DE cells weremaintained in completemedium containing
puromycin (2 �g/ml). Connexin-expressing A431D and A431DE
clones were isolated as described (see under “Retrovirus Pro-
duction and Infection ofCells”) andmaintained, respectively, in
completemedium containing G418 (200 �g/ml) andG418 plus
puromycin. The retroviral packaging cell line Phoenix 293 was
grown in RPMI 1640 medium containing 5% defined fetal
bovine serum as described previously (24). HeLa cells were
grown in Dulbecco’s modified Eagle’s medium containing 5%
fetal bovine serum.
Plasmids, Retroviral Vectors, and Other Recombinant DNA

Constructs—Retroviral vectors, LXSN, LXSNCx32S, and
LXSNCx43S, containing rat Cx32 and Cx43 cDNAs, respec-
tively, were constructed as described previously (24–26). The
carboxyl-terminally tagged pCx43-EYFP was constructed in
the pEYFP-N1 vector as described previously (25). Carboxyl-
terminally tagged pCx32-EYFP was constructed as described
previously (27). Untagged carboxyl-terminally truncated
pCx�233, pCx�257, and pCx�363 and carboxyl-terminally
tagged truncated pCx43�233-EYFP and pCx43�257-EYFP
were engineered in the pcDNA3.1 and pEYFP-N1 vector using

standard PCR-based cloning methods using LXSNCx43S as a
template. The PCR amplifications were performed using the
forward 5�-GCCTCGAGATGGGTGACTGGAGT-3� and the
reverse primers 5�-CCGTGGATCCCTGAAGAAGACGTA-
3� (for pCx43�233-EYFP), 5�-CCGTGGATCCCTTGATGG-
GCTCAG-3� (for pCx43�257-EYFP), and 5�-CCGTGGATCC-
ACTGCTGGAAGGTCGTTGGTCCA-3� (for pCx43�363). The
forward and reverse primers, as underlined, were designed to
contain XhoI and BamHI sites, respectively. The PCR products
were first purified using QIAquick PCR purification kit
(Qiagen, Valencia, CA) and, after digesting with XhoI and
BamHI, were subcloned between XhoI- and BamHI-digested
pEYFP-NI vector. pCx32�220-EYFP was constructed by PCR
using LXSNCx32S as a template. For PCR, the following prim-
ers were used: forward primer 5�-GCCGAATTCATGAACT-
GGACAGGTC-3� and the reverse primer 5�-CCGTGGATCC-
CAACGGCGGGCACAG-3�. The forward and reverse primers
contained EcoRI and BamHI sites, respectively, as underlined.
The purified PCR products were cloned into EcoRI/BamHI-
digested pEYFP-NI. The entire coding sequences of EYFP-
tagged full-length and truncated Cx43 andCx32 chimeras were
then subcloned into retroviral vector LXSN using standard
recombinant DNA methodology. All recombinant DNA con-
structs were verified by DNA sequencing.
Transient Transfection—Phoenix 293T cells (1 � 106) were

seeded in 10-cm dishes in 10 ml of complete medium. HeLa
cells were seeded at a density of 2.5 � 105 cells per well in 2 ml
of complete medium on glass coverslips in 6-well clusters or at
a density of 7.5 � 105 cells per 6-cm dish in 4 ml of complete
medium. Twenty four hour post-seeding, cells were transfected
with appropriate plasmids using FuGENE 6 Transfection Re-
agent (Roche Diagnostics) as per themanufacturer’s instructions
with DNA (in micrograms) to FuGENE (in �l) ratio of 1:3. The
mediumwas replacedwith freshmedium 8 h post-transfection.
Retrovirus Production and Infection of Cells—Control and

recombinant retroviruses harboring full-length and mutant
Cxs and their EYFP-tagged chimeraswere produced in Phoenix
293T cells as described previously (24). A431D and A431DE
cells were multiply infected with various recombinant retrovi-
ruses and selected in either G418 (400 �g/ml) or in puromycin
(2 �g/ml) for 2–3 weeks in complete medium. Glass cylinders
were used to isolate individual antibiotic-resistant clones,
which were expanded, frozen, and maintained in G418 (200
�g/ml) and in G418 and puromycin (2 �g/ml).
Cell Surface Biotinylation Assay—Cells (5 � 105) were

seeded in 6-cm dishes in 4 ml of complete medium and grown
to 80–90% confluence. Cell surface biotinylation was per-
formed at 4 °C. In brief, cells were incubated with freshly pre-
pared EZ-LinkTMSulfo-NHS-SS biotin reagent (Pierce) at 0.5
mg/ml in phosphate-buffered saline (PBS) supplemented with
1mMCaCl2 and 1mMMgCl2 (PBS-PLUS) for 1 h. The reaction
was quenched with PBS-PLUS supplemented with 20 mM gly-
cine. Cell lysis and affinity precipitation of biotinylated proteins
were performed as described previously (28) with the following
modification. After cell lysis, 100 �g of total protein was incu-
bated with 50 �l of streptavidin-agarose beads (Pierce) on a
rotator overnight at 4 °C. The streptavidin-bound biotinylated
proteins were eluted by incubating the beads for 30 min in 1�
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SDS loading buffer. The samples were resolved by SDS-PAGE
followed by Western blotting using appropriate antibodies. As
an input, an equal amount of total protein (10 �g) was also
subjected to SDS-PAGE and Western blot analysis. Protein
concentration was determined using BCA reagent (Pierce).
Detergent Extraction and Western Blot Analysis of Con-

nexin43 and Connexin32—Cell lysis, detergent solubility assay
with Triton X-100, and Western blot analysis were performed
as described previously (24, 28). In brief, 1 � 106 cells were
seeded per 10-cmdish in 10ml of completemedium and grown
to confluence. Cells were then lysed in buffer SSK (10 mM Tris,
1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 10 mMNaF,
10 mM N-ethylmaleimide, 10 mM Na2VO4, 10 mM iodoacet-
amide, 0.5% Triton X-100, pH 7.4) supplemented with the pro-
tease inhibitor mixture (Sigma). For the detergent solubility
assay, the concentration of Triton X-100 was raised to 1%
before ultracentrifugation at 100,000 � g for 60 min (35,000
rpm in analytical Beckman ultracentrifuge; model 17-65 using
an SW50.1 rotor). The detergent-insoluble pellets were dis-
solved in buffer C (70 mM Tris/HCl, pH 6.8, 8 M urea, 10 mM

N-ethylmaleimide, 10 mM iodoacetamide, 2.5% SDS, and 0.1 M

dithiothreitol). Following normalization based on cell number,
the total Triton X-100-soluble and -insoluble fractions were
mixed with 4� SDS-loading buffer to a final concentration of
1� and boiled at 100 °C for 5 min (for Cx43) or incubated at
room temperature for 1 h (for Cx32) before SDS-PAGE
analysis.
Gene Knockdown by RNA Interference—SMARTpool siRNA

against ZO-1 (TJP-1; catalogue no. L-007746-00) and DY-547-
labeled siGLO RISC-free control siRNA (catalogue no.
D-001600-01) were obtained from Thermo Fisher Scientific/
Dharmacon RNA Interference Technologies. DY-547-labeled
siGLO Lamin A/C siRNA (catalogue no. 001620-02) was used
as a positive control. The 40 �M stock solution of the oligonu-
cleotides was prepared using 1� siRNA buffer (Thermo Fisher
Scientific). A431D-43 and A431DE-43 cells, seeded on glass
coverslips in 12-well clusters, 8 � 104 cells/well, were trans-
fectedwith the oligonucleotides usingOligofectamine (Invitro-
gen) as per the manufacturer’s instructions. The final concen-
tration of the oligonucleotides in each experiment was 130 nM.
The efficiency of knockdown was assessed by immunoblotting
and immunocytochemical analyses 72 h post-transfection. The
final concentrations of the oligonucleotides as well as the dura-
tion of treatment were empirically determined from several
pilot experiments.
Detergent (Triton X-100) Extraction of Cells in Situ—Live

cells were extracted in situ with 1% Triton X-100 essentially as
described previously (28). In brief, 2.5 � 105 cells were seeded
per well in 6-well clusters containing glass coverslips. After
24 h, the cells were rinsed once in PBS and then incubated in
isotonic medium (30 mM HEPES, pH 7.2, 140 mM NaCl, 1 mM

CaCl2, 1 mM MgCl2, 300 mM sucrose) supplemented with the
protease inhibitor mixture (Sigma) for 60 min at 4 °C in the
presence and absence of 1% Triton X-100. The dishes were
gently swirled intermittently. Following incubation, cells
were fixed and immunostained with appropriate primary
and secondary antibodies as described below.

Antibodies and Immunostaining—Rabbit polyclonal anti-
body against Cx43 and hybridomaM12.13 (a gift from Dr. Dan
Goodenough, Harvard University) have been described ear-
lier (26). Rabbit anti-EEA-1 (PA1-063) was obtained from
Affinity BioReagents (Golden, CO). Mouse anti-occludin
(clone OC-3F10) was from Zymed Laboratories Inc.. Rabbit
anti-�-catenin, rabbit anti-�-catenin, rabbit anti-Cx32, and
mouse anti-�-actin (clone C-15) antibodies were from Sigma.
Mouse anti-ZO1 (610967) and mouse anti-GM130 (610822)
antibodies were obtained from BD Transduction Laboratories.
Rabbit anti-green fluorescent protein antibody (A6455) and
Alexa Fluor 350-conjugated phalloidin were obtained from
Invitrogen. Mouse anti-E-cadherin, mouse anti-�-catenin, and
mouse anti-�-catenin antibodies have been described previ-
ously (19, 24, 29). We also used many other antibodies, both
mouse monoclonal and rabbit polyclonal, against Cx43 to
detect various phosphorylated forms. These antibodies are
described in supplemental Fig. S3 legend.
Cells were immunostained after fixing with 2% paraformal-

dehyde for 15 min as described previously (24). In brief, 2.5 �
105 cells were seeded per well in 2 ml of complete medium in
6-well clusters containing glass coverslips. After 48 h, cells were
fixed and immunostained at room temperature with various
antibodies at appropriately calibrated dilutions. Secondary
antibodies (rabbit or mouse) conjugated with Alexa Fluor 488
andAlexa Fluor 594were used as appropriate. Images of immu-
nostained cells were acquired with Leica DMRIE microscope
(Leica Microsystems, Wetzler, Germany) equipped with
Hamamatsu ORCA-ER CCD camera (Hamamatsu City, Japan)
using 63� oil objective (NA 1.35). For co-localization studies,
serial z-sections (0.3–0.5 �m) were collected and analyzed
using image-processing software (Openlab 4.0 and Volocity
4.2.2, Improvision, Lexington,MA). SlowFade (Invitrogen) was
used to mount cells on glass slides.
Cell Growth on Semi-permeable Filters—Approximately 4 �

104 cells were plated onto 12-mm Transwell filters (pore size,
0.4�m;CorningGlass) in completemediumand grown for 3–6
days. Medium of the upper and lower filter chambers was
changed on alternate days. The in situ detergent extraction and
immunocytochemical analyses were performed directly on fil-
ters as described above for cells grown on glass coverslips. After
immunostaining, the filters were cut with a sharp scalpel and
mounted as follows. The filters were placed on glass slides with
their cell side facing up and a drop of SlowFade was placed on
top followed by a glass coverslip, which was pressed gently
using a 50-g weight overnight. The edges were sealed with nail
polish.
Cell Aggregation Assay—The hanging drop suspension cul-

ture method was used to test aggregation of parental and Cx-
expressing A431D and A431DE cells as described previously
(30). Cells were harvested with trypsin/EDTA and resuspended
at 2.5 � 105 cells per ml in complete culture medium. A 20-�l
drop of medium, containing 5 � 103 cells, was suspended as a
hanging drop from the lid of a 10-cm2 Petri dish (40 hanging
drops per lid). The dish was filled with 10 ml of PBS to prevent
drying of the drops. The cells were then allowed to aggregate in
a humidified 5%CO2 incubator at 37 °C for 14–16 h. At the end
of the incubation, cells and aggregates were triturated 10 times
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through a standard 200-�l pipette tip to disperse loosely asso-
ciated cells, and a coverslip was placed gently on top of the cells.
The cells were visualized by phase-contrast light microscopy
using a 5� objective, and images were captured using a CCD
camera (Retiga 2000R, FAST1394),mounted onLeicaDMIRE2
microscope, with the aid of Volocity (Improvision, Lexington,
MA). For quantifying the size, the outline of each aggregate was
drawn using an ROI tool of the AlphaDigiDoc 1201 software,
and the area of each aggregate was measured. All images were
analyzed at the same magnification, and the area was
recorded as “relative units” for each aggregate. The average
area of the aggregates was considered as a measure of aggre-
gate formation and was determined from 30–35 aggregates.
Gap Junctional Communication Assays—Gap junctional

communication was measured by microinjecting the fluores-
cent tracers Alexa Fluor 488 (570Da; A-10436) andAlexa Fluor
594 (760 Da; A-10438). The Alexa dyes were obtained from
Invitrogen, and their stock solutions (10 mM) were prepared in
water as described previously (24). These fluorescent tracers
were microinjected into test cells using Eppendorf InjectMan
and FemtoJet microinjection systems (models 5271 and 5242,
Brinkmann Instrument, Westbury, NY) mounted on a Leica
DMIRE2 microscope as described previously (24). The micro-
injected cells were viewed and images captured using a CCD
camera (Retiga 2000R, FAST 1394) with the aid of Volocity
(Improvision, Lexington, MA). The captured images were
stored as TIFF files and processed using Corel Photopaint
(Ottawa, Ontario, Canada). Gap junctional communication
was quantified as described previously (24–26).
Cytochalasin B Treatment—The stock solution of cytochala-

sin B (Sigma) was prepared in ethanol at 10 mg/ml and was
stored at �20 °C in small aliquots. Cells, seeded on glass cover-
slips, were treated for 1–6 h at 37 °C with cytochalasin B at 1
�g/ml, which was appropriately diluted in cell culture medium
to give the desired concentration. Controls were treated with
ethanol alone.
Gap Junction SizeMeasurement—The length and area of aGJ

plaque were measured after in situ extraction of cells with 1%
Triton X-100, which removes Cxs and connexons that are not
incorporated into GJs (28), and immunostaining with Cx43
antibody as described above (see under “Detergent Extraction
and Western Blot Analysis of Connexin43 and Connexin32”).
Images of immunostained cells were acquired with a Leica
DMRIE microscope (Leica Microsystems, Wetzler, Germany)
equippedwithHamamatsuORCA-ERCCDcamera (Hamamatsu
City, Japan)using a 63�oil objective (NA1.35). Serial z-sections
(0.5 �m) were collected and subjected to iterative volume
deconvolution using Volocity image-processing software
(Improvision, Lexington, MA). Single optical section of the
deconvolved image was used for measuring GJ size. Each dis-
tinct punctum seen at the cell-cell contact site was considered
as one GJ plaque. The area of each GJ plaque was analyzed by
drawing anROI around eachdistinct punctumusing the “magic
wand” tool of the “Measurement” module of Volocity. The area
of each GJ is represented as “pixel count,” and one pixel corre-
sponds to 0.01 �m2. In each captured image, 3–5 puncta were
randomly chosen for the measurement of area and length, and
between 5 and 15 images were used. For themeasurement of GJ

length, we used the “line” tool of the measurement module of
Volocity to ascribe the farthest visible points along the long axis
of each GJ punctum. The length is represented in relative units
where “a unit” corresponds to 0.1 �m. For determining the
number ofGJ plaques per cell-cell interface, we used the “merge
planes” command of Volocity tomerge all planes obtained dur-
ing Z-sections. We then counted the number of distinct visible
puncta along the cell-cell interfaces of two adjoining cells. Only
distinct interfaces were chosen for these measurements at ran-
dom to avoid ambiguity with regard to the localization of the
puncta, and 60–70 interfaces were measured from three inde-
pendent experiments.
Statistical Analysis—The statistical significance between

groups was calculated by standard Student’s t test using
means � S.E. and the entire sample size. These values were
calculated using SigmaPlot 11 (Systat Software, Inc., San Jose,
CA).

RESULTS

Differential Assembly of Connexin43 and Connexin32 into
Gap Junctions—A431D cells, derived from human squamous
carcinoma cell line A431, are devoid of E-cadherin or N-cad-
herin. Moreover, although the expression of desmosomal cad-
herins (desmocollins and desmogleins) was not affected,
A431D cells do not form adherens junctions, desmosomes, and
tight junctions and are devoid of cell-cell adhesion. Further-
more, the half-life of adherens junction-associated proteins, �-
and �-catenin, is severely reduced (19, 20). We introduced
Cx43 and Cx32 into cadherin-null (A431D) and E-cadherin-
expressing (A431DE) cells using recombinant retroviruses
LXSNCx43S and LXSNCx32S as described previously (24, 26).
A431D cells do not express these Cxs detectably. Fig. 1 shows
the expression level of Cx43 (C) and Cx32 (D) in representative
clones derived from cadherin-null A431D (A431D-43 and
A431D-32) and cadherin-expressing A431DE (A431DE-43 and
A431DE-32) cells. These clones were chosen on the basis of
equal expression of both Cxs and E-cadherin as assessed by the
densitometric scanning of Western blots. For the sake of sim-
plicity, these clones will be referred to as cells in subsequent
studies. Immunocytochemical analysis showed that Cx43
assembled intoGJs both in cadherin-null A431D-43 and E-cad-
herin-expressing A431DE-43 cells (Fig. 1A, upper panels),
whereas Cx32 failed to assemble into GJs and appeared to form
intracellular aggregates of variable size both in A431D-32 and
A431DE-32 cells (Fig. 1A, lower panels).
In E-cadherin-expressing A431DE-43 cells, Cx43 clearly

appeared to form larger GJs as compared with cadherin-null
A431D-43cells (Fig.1A, compare thesizeofGJpuncta inupper left
panelwith the right panel).We therefore determined the size and
area of 100–200 individual gap junctional puncta (supple-
mental Fig. S1) as well as the mean number of gap junctional
puncta per cell-cell interface in A431D-43 and A431DE-43 cells
(supplemental Fig. S2). The size of each fluorescent spot or
punctum at the interface was presumed to represent a single GJ
plaque (31). These measurements showed that the mean area
and the length of GJ plaques increased nearly 2-fold
(supplemental Fig. S1), and the mean number of GJ puncta per
interface was decreased 2-fold (supplemental Fig. S2) in
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A431DE-43 cells compared with A431D-43 cells. It is worth
noticing that the polyclonal antibody used to probe these blots
(catalogue no. 6219, Sigma) predominantly detected only one
major form of Cx43 in A431D-43 and A431DE-43 cells and in
other cell lines that differ widely in their capacity to form GJs
used in our earlier studies (supplemental Fig. S3). However,
both phosphorylated and nonphosphorylated bands were
detected when the blots were probed with anti-Cx43 antibody
raised against residues 252–271 (both monoclonal and poly-
clonal) or with other antibodies, some of which were phospho-
specific (supplemental Fig. S3). Although the resolving power
of the SDS-polyacrylamide gels did not permit us to establish a
correlation between a specific phosphorylated form of Cx43
and its ability to assemble into GJs, the above data suggest that,

as is observed in several other cell lines that assemble GJs, Cx43
in A431D-43 and A431DE-43 cells is phosphorylated similarly
before its assembly into GJs.
Consistent with the earlier studies (19), E-cadherin expres-

sion also stabilized adherens junction-associated proteins �-
and �-catenins (Fig. 1,C andD), and recruited them to cell-cell
contact areas (Fig. 1B, compare left panels with the right pan-
els). Expression of Cx43 and Cx32 neither induced nor modu-
lated E-cadherin-mediated cell-cell adhesion in cadherin-null
and E-cadherin-expressing cells as assessed by conventional
hanging drop assay (supplemental Fig. S4). This assaymeasures
the rate and strength of cell-cell adhesion based on the sizes of
cell aggregates formed over time from single cells as well as
the resistance of the formed aggregates to a shearing force

FIGURE 1. Isolation of A431D and A431DE clones expressing equal levels of connexin32 and connexin43. A431D and A431DE cells were infected with
LXSN, LXSNCx32S, and LXSNCx43S and selected as described (see under “Materials and Methods”). A, localization of Cx43 and Cx32 by immunocytochemical
analyses. A431D-43, A431DE-43, A431D-32, and A431DE-32 cells were immunostained for Cx43 and Cx32. Note that Cx43 assembles into GJs in the absence
(�E-cad) and in the presence (�E-cad) of E-cadherin (E-cad), whereas Cx32 remains intracellular and fails to assemble. Note also that Cx43 forms larger GJs in
E-cadherin-expressing cells. B, E-cadherin expression recruits �-catenin (�-cat) and �-catenin (�-cat) to cell-cell contact areas. A431D and A431DE cells were
immunostained for �- and �-catenins. Note localization of both catenins at cell-cell contact areas in A431DE but not in A431D cells. C and D, expression level
of Cx43 (C) and Cx32 (D) and E-cadherin, �-catenin, �-catenin, and occludin in parental (A431D and A431DE) cells and in cells infected with LXSN (A431D-NEO
and A431DE-NEO), LXSNCx43S (A431D-43 and A432DE-43), and LXSNCx32S (A431D-32 and A431DE-32). Ten micrograms of total protein was resolved on 12%
SDS-PAGE and immunoblotted for Cx32, Cx43, E-cadherin, �-catenin, �-catenin, and occludin. The blots were re-probed with �-actin to verify equal loading.
Note that Cx43 (C) and Cx32 (D) are expressed only in clones infected with LXSNCx32S and LXSNCx43S, respectively. Note that expression of E-cadherin,
�-catenin, and �-catenin is detected only in A431DE clones. Bar, 15 �m.
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(30, 32). Only E-cadherin-expressing cells aggregated effi-
ciently (supplemental Fig. S4, A, lower panels; see also B),
whereas cadherin-null cells with or without Cx expression did
not (supplemental Fig. S4, A, upper panels; see also B).

E-Cadherin Expression and the Detergent Solubility of Con-
nexin43 and Connexin32—To corroborate the immunocyto-
chemical data, we measured the assembly of Cx43 and Cx32
into GJs biochemically (Fig. 2B), by detergent insolubility assay
(28), and functionally, by measuring the junctional transfer of
fluorescent tracerAlexa Fluor 488 (570Da), Lucifer Yellow (443
Da) and Alexa Fluor 594 (760 Da) (supplemental Fig. S5 and
Table 1). Moreover, we also examined the detergent solubility
of both Cxs upon in situ extraction of live cells with 1% Triton
X-100 (Fig. 2A). As expected, a significant proportion of Cx43
remained insoluble in 1% Triton X-100 in A431D-43 and
A431DE-43 cells (Fig. 2A, compare control and extracted in 1st
and 2nd columns, andB, top blot,T� total, S� soluble, and I�
insoluble fractions), whereas no insoluble fraction of Cx32 was
detected in cadherin-null A431D-32 or E-cadherin-expressing
A431DE-32 cells (Fig. 2A, compare control and extracted in

FIGURE 2. Detergent-solubility of connexin32 and connexin43 in A431D and A431DE cells. A, assembly of Cxs into GJs was examined in A431D-43,
A431DE-43, A431D-32, and A431DE-32 cells upon in situ extraction with 1% Triton X-100 at 4 °C (see under “Materials and Methods”). Cells were immunostained
for Cx32/Cx43 (green) and E-cadherin (red). Note the disappearance of intracellular, but not junctional, Cx43 and E-cadherin (E-cad) upon extraction. Note also
the larger size of Cx43 puncta in A431DE-43 cells and their significant co-localization with E-cadherin under control and Triton X-100-extracted conditions.
B, total (T), Triton X-100-soluble (S), and Triton X-100-insoluble (I) fractions from A431D-43, A431DE-43, A431D-32, and A431DE-32 were analyzed by Western
blot analysis (see under “Materials and Methods”). Note that although Cx43 is detected in the both detergent-soluble and -insoluble fractions, Cx32 is detected
only in the soluble fraction, and E-cadherin expression has no detectable effect on detergent solubility of Cx43. The blots were stripped and re-probed with
anti-�-actin antibody as a loading control. C, connexin expression does not affect the detergent solubility of E-cadherin. Total, Triton X-100-soluble and
-insoluble fractions from A431DE, A431DE-43, and A431DE-32 cells were analyzed by Western blot analysis (see under “Materials and Methods”). Note that
similar levels of E-cadherin are detected in the detergent-insoluble fraction in all cells. The blots were stripped and re-probed with anti-�-actin to verify equal
loading. Bar, 10 �m.

TABLE 1
Junctional communication of various fluorescent tracers in
connexin43-expressing cells with or without E-cadherin

Tracer Exp.
no. A431D-43 A431DE-43 p value

Lucifer Yellow (443 Da) 1 33 � 4a (22)b 32 � 5 (24) 0.878
2 29 � 4 (30) 35 � 4 (30) 0.301

Alexa Fluor 488 (570 Da) 1 18 � 3 (28) 21 � 4 (32) 0.560
2 16 � 3 (26) 19 � 3 (40) 0.502

Alexa Fluor 594 (60 Da) 1 4 � 1 (28) 5 � 1 (29) 0.483
2 6 � 2 (34) 7 � 2 (30) 0.726

aMean number of fluorescent cells 5 min after microinjection � S.E. is shown.
b Number of microinjection trials is shown.
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2nd and 4th columns, and B, middle blot). Under similar condi-
tions, the detergent solubility of E-cadherin was not signifi-
cantly affected as assessed by in situ extraction (Fig. 2A,
compare control and extracted, 2 and 4 columns) and by
Western blot analysis (Fig. 2C). In agreement with the
immunocytochemical data, no junctional communication of
Alexa Fluor 488 was detected in cadherin-null A431D and
A431D-32 and E-cadherin-expressing A431DE and A431DE-32
cells (supplemental Fig. S5). On the other hand, Cx43-express-
ing cells communicated extensively, and cadherin expression
had little effect on junctional communication (supple-
mental Fig. S5, bottompanels, andTable 1). Altogether, the data
shown in Figs. 1 and 2 and supplemental Figs. S1–S4 suggest the
following. 1) Cx43 is able to assemble into GJs in the absence of
E-cadherin, but Cx32 is not. 2) E-cadherin-mediated cell-cell
adhesion facilitates the assembly and growth of GJs composed
of Cx43. 3) E-cadherin expression alone is not sufficient to
induce the assembly of Cx32 into GJs de novo.
Trafficking and Subcellular Localization of Connexin43 and

Connexin32 in the Presence and theAbsence of E-cadherin—We
next examined whether failure of Cx32 to form GJs was due to
its impaired trafficking to the cell surface or a result of endocy-
tosis prior to its assembly into GJs.We used cell-surface biotin-

ylation to determine the trafficking of Cx43 andCx32 to the cell
surface andmarkers specific for the secretory and the endocytic
pathways to examine their subcellular localization in cadherin-
null and E-cadherin-expressing cells. As shown in Fig. 3, both
Cx43 (Fig. 3A) and Cx32 (Fig. 3B) were biotinylated signifi-
cantly in cadherin-null and cadherin-expressing cells. Con-
nexin43 co-localized only partially with the early endocytic
marker, EEA1 (Fig. 3C) (33), whereas Cx32 co-localized exten-
sively (Fig. 3D). Both Cx43 and Cx32 co-localized with GM130
(supplemental Fig. S6), a marker for cis-Golgi (34) and Lamp-1
(data not shown), in cadherin-null and E-cadherin-expressing
cells. Taken together, these data suggest that a significant frac-
tion of Cx32 traffics to the cell surface both in the presence and
absence of E-cadherin but in contrast to Cx43 is likely endocy-
tosed prior to its assembly into GJs.
Assembly of Connexin32 into Gap Junctions Is Induced in

A431D and A431DE Cells When Grown on Trans-Well-perme-
able Membrane Supports—In contrast to ubiquitous expres-
sion of Cx43, the expression of Cx32 is preferentially observed
in well differentiated and polarized cells, such as hepatocytes
and the secretory cells of exocrine glands (23). Permeable
membrane supports have been widely used as surrogate sub-
strates to mimic the milieu encountered by epithelial cells in

FIGURE 3. E-cadherin expression does not affect trafficking and subcellular localization of connexin43 and connexin32. A and B, cell-surface
biotinylation of Cx43 and Cx32 in A431D and A431DE cells. Confluent A431D-43 and A431DE-43 (A) and A431D-32 and A431DE-32 cells (B) were
biotinylated with sulfo-NHS-SS-biotin at 4 °C, and biotinylated Cxs from 100 �g of total protein were detected by streptavidin pulldown followed by
Western blotting (see under “Materials and Methods”). As an input, 10 �g of total protein was used and probed for Cx43 or Cx32. Note that in both
A431D-43 and A431DE-43 cells (A; labeled as � Biotin) and A431D-32 and A431DE-32 cells (B; labeled as � Biotin), similar levels of Cx43 and Cx32 were
detected in the streptavidin Pulldown lanes, respectively. A nonbiotinylated dish (labeled as � Biotin) was used as a negative control. C and D,
co-localization of Cx43 and Cx32 with EEA-1 in A431D-43 and A431DE-32 and A431DE-43 and A431DE-32 cells. Note the co-localization of both Cx43 (C)
and Cx32 (D, green) with EEA1 (red) in all cells. Note extensive co-localization of Cx32 with EEA1. The boxed region is magnified and shown in the inset.
Bar, 15 �m.
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vivo and to induce polarized and differentiated cell states
(35). Hence, we investigated if the assembly of Cx32 into GJs
could be induced upon growing cadherin-null A431D-32
and E-cadherin-expressing A431DE-32 cells on Transwell
filters. When grown on Transwell filters for 3–6 days (see
under “Materials and Methods”), A431D and A431DE cells
became more columnar, as assessed by a 2-fold increase in cell
height compared with cells grown on plastic or glass coverslips
(supplemental Fig. S7,A andB), but failed to attain a fully polar-
ized state as assessed by the random orientation of Golgi stacks
(GM130 staining), distribution of �1-integrin, and Na-K-

ATPase (supplemental Fig. S7B),
and ZO-1 (supplemental Fig. S7A,
red) at the apical and basolateral
domains (35). However, despite
incomplete polarization, Cx32
assembled into discrete GJ puncta
(Fig. 4A), which remained Triton
X-100-insoluble upon in situ
extraction (Fig. 4B). Such puncta
were not observed in cells grown
on glass coverslips in parallel
(supplemental Fig. S8A). As
assessed visually, E-cadherin ex-
pression seemed to have little effect
on the number and size of Cx32 GJs
assembled in filter-grown A431D
and A431DE cells (Fig. 4A).
We also found that the assembly

of Cx43 into GJs appeared to be
slightly enhanced when cadherin-
null A431D-43 cells were grown on
Transwell filters (supplemental Fig.
S8B) as compared with cells grown
on glass coverslips in parallel exper-
iments (supplemental Fig. S8C);
however, E-cadherin expression
had no further effect (supplemen-
tal Fig. S8B). Also, neither the
expression of E-cadherin in A431D
cells nor punctate immunostaining
characteristics of GJs were observed

in parental A431D andA431DE cells grown onTranswell filters
(data not shown). To assess if the detergent-resistant puncta
represented functional GJs, we measured the junctional trans-
fer of fluorescent tracers, Lucifer Yellow (443 Da), Alexa Fluor
488 (570 Da), and Alexa Fluor 594 (760 Da) by microinjec-
tion. Intriguingly, we found that filter-grown A431D-32 and
A431DE-32 cells did not communicate (Table 2). These find-
ings suggest that the filter-grown A431D-32 and A431DE-32
cells acquire a partially polarized physiological state that is
conducive for the assembly of Cx32 into GJs, but the junc-
tional channels stay closed and do not permit the passage of
molecules �443 Da. Moreover, the data also suggest that
assembly of Cx43 is enhanced upon partial polarization
independent of E-cadherin expression when cells acquire a
columnar phenotype.
CarboxylTermini ofConnexin43andConnexin32AreRequired

to Initiate Gap Junction Assembly in A431D Cells—The findings
reported above showed that Cx43 was assembled into GJs in
cadherin-null cells in the absence of measurable cell-cell adhe-
sion, and E-cadherin-mediated cell-cell adhesion enhanced the
assembly further. On the other hand, the assembly of Cx32 into
GJswas contingent upon acquisition of partially polarized state.
Because the carboxyl termini of Cx43 and Cx32 have been
shown to interact withmany proteins (21, 22, 36), we examined
if they were required for GJ assembly in A431D and A431DE
cells. To test this notion, we generated the following EYFP-
tagged chimeras of Cx43 and Cx32: 1) Cx43-EYFP, which does

FIGURE 4. Connexin32 assembles into gap junctions in A431D-32 and A431DE-32 cells grown on Tran-
swell filters. A, A431D-32 and A431DE-32 cells, seeded on clear Transwell filters, were grown for 5 days and
immunostained for Cx32 (green) and ZO-1 (red) as described under “Materials and Methods.” Note the forma-
tion of distinct GJ puncta at the cell-cell contact sites as delineated by ZO-1. Note lack of significant difference
in the size and number of Cx32 puncta at the cell-cell contact sites between A431D-32 and A431DE-32 cells.
Note also that the GJ puncta remain detergent-resistant (B). Bar, 15 �m.

TABLE 2
Junctional communication of various fluorescent tracers in cells
grown on Transwell filters expressing connexin43 and connexin32
with or without E-cadherin
A431D-43, A431DE-43, A431D-32, and A431DE-32 cells were grown on 35-mm
Transwell filters in replicate at a density of 2� 105 cells per dish and allowed to grow
to confluence for 5 days. Junctional communication was measured by microinject-
ing different fluorescent tracers as described under “Materials and Methods.”

Cell line Lucifer Yellow Alexa Fluor 488 Alexa Fluor 594

A431D-32 0 � 0a (52)b 0 � 0 (39) 0 � 0 (32)
A431DE-32 0 � 0 (53) 0 � 0 (47) 0 � 0 (49)
A431D-43 31 � 5 (22)c 16 � 4 (27)d 6 � 2 (26)e
A431DE-43 34 � 7 (25)c 17 � 5 (23)d 7 � 2 (32)e

a Mean number of fluorescent cells 5 min after microinjection � S.E. is shown.
b Number of microinjection trials is shown. There was no statistically significant
difference in junctional communication betweenA431D-43 andA431DE-43 cells.

c Data are not significant; p � 0.735 for Lucifer Yellow.
d Data are not significant; p � 0.875 for Alexa Fluor 488.
e Data are not significant; p � 0.728 for Alexa Fluor 594.
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not bind to the second PDZdomain of ZO-1 (37); 2) Cx43�363,
from which ZO-1 binding domain has been deleted (38, 39); 3)
Cx43�257, fromwhich 135 amino acids that harbormost of the
potential phosphorylation sites and the known interacting
motifs, including the ZO-1-binding site, have been deleted; 4)
Cx43�257-EYFP; 5) Cx43�233, from which 159 amino acids
comprising the entire carboxyl terminus have been deleted,
including the tubulin-binding site (38, 39); 6) Cx43�233-EYFP;
7) Cx32-EYFP; 8) Cx32�220, which assembles into GJs but
is devoid of most of the carboxyl terminus (24); and 9)
Cx32�220-EYFP.
Cadherin-null A431D and E-cadherin-expressing A431DE

cells were infected with the recombinant retroviruses harbor-
ing these chimeras, along with the untagged Cx43 and Cx32,

and the formation of GJs was investigated immunocytochemi-
cally in polyclonal cultures, pooled from 50 to 100 clones,
within four to six population doublings. In addition, the same
chimeraswere also introduced intoHeLa cells, which have been
widely used to examine the assembly of various Cxs into GJs (7,
40, 41), and into LNCaP prostate cancer cells used in our labo-
ratory (24). We found that chimeras Cx43-EYFP, Cx43�363,
Cx43�257, Cx43�257-EYFP, Cx43�233, and Cx43�233-
EYFP failed to assemble into GJs in A431D and A431DE cells
seeded on glass coverslips and remained either intracellularly
or diffusely distributed at the regions of cell-cell contact (Fig. 5)
as compared with untagged Cx43 (Fig. 5, 4th column; see also
Figs. 1–3).Moreover, all truncated, untagged, and EYFP-tagged
mutants and chimeras of Cx43 could be extracted with 1% Tri-

FIGURE 5. Carboxyl-terminally truncated untagged and EYFP-tagged chimeras of Cx43 fail to assemble into gap junctions. Polyclonal cultures of A431D
and A431DE cells expressing Cx43�233, Cx43�233-EYFP, Cx43�257, Cx43�257-EYFP, Cx43�363, Cx43�363EYFP, Cx43, and Cx43-EYFP were grown on glass
coverslips. Cells expressing untagged Cx43 and truncated mutants were immunostained with polyclonal antibody raised against amino acid residues 252–271
of Cx43 (see under “Materials and Methods”). Note that all truncated and EYFP-tagged chimeras of Cx43 remain intracellular, whereas untagged Cx43 is
assembled into GJs in cadherin-null (A431D) and E-cadherin-expressing (A431DE) cells. Note that the localization pattern of untagged versus EYFP-tagged
full-length and mutant Cx chimeras appears to be different partly due to the brighter diffuse EYFP fluorescence of tagged Cx mutants compared with untagged
Cx mutants, which were detected immunocytochemically. All EYFP-tagged and carboxyl-terminally truncated mutants are lost upon in situ extraction (data not
shown). Bar, 10 �m.
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ton X-100, suggesting that they had not assembled into GJs
(data not shown). Functional studies showed that these cells did
not permit the transfer of fluorescent tracer Alexa Fluor 488,
Lucifer Yellow, and Alexa Fluor 594 (Table 3). We also found
that, when grown on Transwell filters, Cx32�220 and
Cx32�220-EYFP formed intracellular aggregates of variable
size that appeared to be distributed throughout the cytoplasm
both in A431D andA431DE cells (Fig. 6, top panels).Moreover,
these aggregates or puncta were lost upon in situ extraction
with 1% Triton X-100 (Fig. 6, bottom panels) as compared with
full-length Cx32 (Fig. 4) and Cx32-EYFP which formed GJs
(data not shown).

Next, we investigated whether the assembly of these Cx43
chimeras could be induced upon growing cells on Transwell
filters. We found that these chimeras failed to form GJs,
remained intracellular or diffusely localized at the areas of
cell-cell contact, and were lost upon in situ extraction with 1%
Triton X-100 (supplemental Fig. S9, compare control and
extracted). In contrast, Cx43-EYFP and Cx43�257-EYFP
formed large GJs in HeLa and LNCaP cells (supple-
mental Fig. S10A), and Western blotting performed in HeLa
cells confirmed that chimeric Cxs were stable and migrated at
the predicted size (supplemental Fig. S10B). Consistent with
the earlier studies (39), we found that Cx43�233-EYFP, in
which the tubulin-binding site had been deleted, remained
intracellular in HeLa cells (supplemental Fig. S10A, left panels).
Moreover, in LNCaP cells, Cx32, Cx32-EYFP, Cx32�220, and
Cx32�220-EYFPwere expressed appropriately and formedGJs
(supplemental Fig. S10D) (24). These data suggest that carboxyl
terminus of Cx43 and Cx32 is required to form GJs in A431D
cells.
Connexin43, ZO-1, and Actin Co-localize as Discrete Puncta

at Cell-Cell Contact Sites—Previous studies showed that Cx43
interactedwith the second PDZdomain of ZO-1 (39, 42). Addi-
tion of EYFP tag to full-length Cx43 has been shown to abolish
its interaction with ZO-1 (37). Moreover, the interaction of
ZO-1 with Cx43 has been shown to influence GJ assembly and
dynamics (22). Because chimeras Cx43-EYFP and Cx43�257-
EYFP failed to formGJs in A431D-43 and A431DE-43 cells, but
formed larger GJs in HeLa and LNCaP cells, we studied the
subcellular localization of ZO-1 and Cx43 in cells expressing
full-length Cx43 and EYFP-tagged chimeras in A431D-43 and

FIGURE 6. Carboxyl-terminally truncated untagged and EYFP-tagged chimera of Cx32 fail to assemble into gap junctions. Polyclonal cultures of A431D
and A431DE cells expressing Cx32�220 and Cx32�220-EYFP were grown on Transwell filters and were extracted in situ with 1% Triton X-100 (see under
“Materials and Methods”). Note that both Cx32�220 and Cx32�220-EYFP remain as scattered intracellular puncta or aggregates that are lost upon detergent
extraction. Note that the localization pattern of untagged versus EYFP-tagged full-length and mutant Cx chimeras appears to be different partly due to the
brighter diffuse EYFP fluorescence of tagged Cx mutants compared with untagged Cx mutants, which were detected immunocytochemically. Bar, 20 �m.

TABLE 3
Junctional communication of various fluorescent tracers in cells
expressing wild-type and EYFP-tagged connexin43 chimeras with or
without E-cadherin
A431D-43, A431DE-43, A431D-32, and A431DE-32 cells were grown on 35-mm
Transwell filters in replicate at a density of 2� 105 cells per dish and allowed to grow
to confluence for 5 days. Junctional communication was measured by microinject-
ing different fluorescent tracers as described under “Materials and Methods.”

Cell line Lucifer Yellow Alexa Fluor 488 Alexa Fluor 594

A431D-43 24 � 5a (22)b 16 � 3 (19) 7 � 2 (20)
A431DE-43 26 � 4 (21)c 17 � 3 (29)d 8 � 3 (18)e
A431D-43-EYFP 0 � 0 (36) 0 � 0 (37) 0 � 0 (18)
A431D-43�257 0 � 0 (23) 0 � 0 (27) 0 � 0 (23)
A431D-43�363 0 � 0 (33) 0 � 0 (42) 0 � 0 (44)
A431DE-43-EYFP 0 � 0 (20) 0 � 0 (17) 0 � 0 (22)
A431DE-43�257 0 � 0 (24) 0 � 0 (20) 0 � 0 (18)
A431DE-43�363 0 � 0 (23) 0 � 0 (22) 0 � 0 (24)

a Mean number of fluorescent cells 5 min after microinjection � S.E. of the mean is
shown.

b Number of microinjection trials is shown. There was no statistically significant
difference in junctional communication betweenA431D-43 andA431DE-43 cells.

c Data are not significant; p � 0.758 for Lucifer Yellow.
d Data are not significant; p � 0.823 for Alexa Fluor 488.
e Data are not significant; p � 0.779 for Alexa Fluor 594.
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A431DE-43 cells. First, we found that ZO-1 was localized as
discrete puncta at cell-cell contact regions (Fig. 7, top row, mid-
dle panels). Second, ZO-1 co-localized extensively with
untagged Cx43 (Fig. 7, rows 1 and 2) at the areas of cell-cell
contact and not at intracellular sites. Third, as expected, ZO-1
did not co-localize with Cx43-EYFP (Fig. 7, rows 3 and 4) or
with Cx43�257 and Cx43�363 (data not shown). Fourth, there
was no noticeable difference in the pattern and the extent of
co-localization of Cx43 and ZO-1 between A431D-43 and
A431DE-43 cells.
Apart from binding to �-catenin, occludin, and claudins,

ZO-1 has also been shown to bind actin (43, 44). Because Cx43

and ZO-1 co-localized extensively
at the areas of cell-cell contact, and
the fact that actin has been docu-
mented to play a critical role in the
establishment and/maintenance
of adherens and tight junctions
(35, 45, 46), we examined the role
of actin in GJ assembly. To test this
notion, we immunostained Alexa
Fluor 350-conjugated phalloidin-
labeled A431D-43 and A431DE-43
cells for Cx43 and ZO-1 using
Alexa Fluor 594- and Alexa Fluor
488-conjugated secondary anti-
bodies. Fig. 8 shows that Cx43 and
ZO-1 puncta appeared to associ-
ate with the actin fibers lining the
cell peripheries.
To explore further the relation-

ship between Cx43, ZO-1 and actin,
we examined the effect of disrupting
actin filaments on GJ assembly.
Cells were treated with cytochalasin
B (1�g/ml) for 1–6 h, and the local-
ization of F-actin, Cx43, and ZO-1
was examined as described above.
Fig. 9 shows that in cadherin-null
A431D-43 cells, cytochalasin B dis-
rupted cortical F-actin and GJ
puncta, which were displaced to
subcellular compartments. These
changes were observed as early as
1 h after treatment (Fig. 9, compare
rows 1 and 2). On the other hand, in
cadherin-expressing A431DE-43
cells, cytochalasin B failed to disrupt
gap junctional plaques noticeably,
and Cx43 and ZO-1 persisted as
puncta at cell-cell contact areas (Fig.
9, compare rows 3 and 4) even up to
6 h (supplemental Fig. S11). More-
over, the depolymerization of actin
itself appeared to have been delayed
in A431DE-43 cells (supplemental
Fig. S11). Also, we found that in
cytochalasin B-treated A431D-43

cells, Cx43 and ZO-1 puncta appeared to co-localize in subcel-
lular compartments, suggesting that they might have internal-
ized together. Altogether, the above data suggest that intimacy
between Cx43 and F-actin via ZO-1 may be required to main-
tain or stabilizeGJ plaques.Moreover, the data also suggest that
E-cadherin might facilitate the stabilization of gap junctional
plaques via the direct or indirect interaction of plaque compo-
nents with actin filaments.
ZO-1 Knockdown Attenuates Gap Junction Formation—To

test directly if ZO-1 was required for the formation and/or
maintenance of GJs, we silenced its expression by siRNAs in
A431D-43 and A431DE-43 cells. For these experiments, we

FIGURE 7. Gap junction assembly-dependent co-localization of connexin43 and ZO-1. Polyclonal cultures
of A431D-43 and A431DE-43 cells, seeded on glass coverslips, were fixed, permeabilized, and immunostained
for Cx43 (green) and ZO-1 (red), whereas those of Cx43-EYFP were immunostained for ZO-1 (see under “Mate-
rials and Methods”). The insets show the magnified images of co-localized Cx43 and ZO-1 puncta. Note that
only untagged Cx43 is assembled into GJs and is co-localized with ZO-1. Note also that ZO-1 and Cx43-EYFP do
not co-localize significantly. Bar, 10 �m.
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used Dharmacon control siGLO and Smart Pool ZO-1 siRNAs.
We first optimized experimental conditions, both duration and
concentration of siRNAs, to achieve near 100% transfection
efficiency in A431D-43 and A431DE-43 cells (supple-
mental Fig. S12A, and see “Materials and Methods”). As
assessed by Western blot analysis of the total cell lysates, we

consistently observed a robust
80–90% knockdown of ZO-1 (Fig.
10A). Immunocytochemical analy-
sis showed that ZO-1 knockdown
drastically diminished the prepon-
derance of GJ puncta at the areas of
cell-cell contact (Fig. 10B, 1st col-
umn, compare 1st and 2nd rows
with 3rd and 4th rows) and
enhanced accumulation of Cx43 in
the cytosol both in A431D-43 and
A431DE-43 cells (Fig. 10B, 2nd and
4th rows, right and left panels).
Knockdown of lamin A/C, a nuclear
membrane-associated protein (data
not shown), or mock transfection of
control siRNAs (SiGLO) had no dis-
cernible effect on the formation of
GJs (supplemental Fig. S12B). These
findings suggest that ZO-1 is
required to initiate and/or stabilize
the formation of gap junctional
plaques both in cadherin-null
(A431D) and E-cadherin-express-
ing (A431DE) cells.

DISCUSSION

It is as yet unknown how the
docking of connexons and the clus-
tering of gap junctional channels are
initiated upon cell-cell contact.
Cadherins have been thought to
facilitate the assembly of GJs by
enhancing cell-cell contact; how-
ever, the molecular mechanisms
involved in this process have
remained unexplored. Here, we
investigated whether E-cadherin
expression was sufficient to facili-
tate the assembly of connexons into
GJs via triggering cell-cell adhesion
or whether additional events were
required. To further explore the
molecular mechanisms, we also
examined the role of the carboxyl
tail of Cx43, a ubiquitously ex-
pressedCx (2, 18, 22), and of Cx32, a
Cx expressed preferentially by the
well differentiated and polarized
cells (23), in controlling the forma-
tion of GJs in the presence and
absence of E-cadherin. The ration-

ale behind undertaking these studies was that the carboxyl ter-
mini of Cxs are highly divergent, are phosphorylated by several
kinases, and interact with several proteins (21, 22), whichmight
allow assembly to be regulated promiscuously by cadherins in a
Cx-specific manner. For our studies, we utilized cadherin-null
A431D cells, which have been used to examine adherens junc-

FIGURE 8. Connexin43 and ZO-1 puncta are formed on F-actin at cell-cell contact. A431D-43 (top row) and
A431DE-43 (bottom row) cells, seeded on glass coverslips, were immunostained for Cx43 (green) and ZO-1 (red).
F-actin (blue) was detected using Alexa Fluor 350-conjugated phalloidin. The magnified images of co-localized
Cx43, ZO-1, and F-actin are shown on the right, and the key describing the corresponding images in color is
shown in the middle. Note that significant co-localization of Cx43, ZO-1, and F-actin is observed only at puncta
and at the regions of cell-cell contact. Bar, 5 �m.

FIGURE 9. E-cadherin delays gap junction disassembly. A431D-43 and A431DE-43 cells, seeded on glass
coverslips, were treated with cytochalasin B at 1 �g/ml (labeled CT-B) for 1– 6 h and immunostained for Cx43
and ZO-1. F-actin was detected with Alexa Fluor 350-conjugated phalloidin. Note that co-localized GJ puncta of
Cx43 and ZO-1 are disrupted/internalized within 1 h in A431D-43 cells, whereas no detectable disruption/
internalization is noticed in A431DE-43 cells within 1 h and even until 6 h (supplemental Fig. S11). Bar, 5 �m.
CONT, control.
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tion assembly in previous studies (19, 20). Our findings docu-
mented that E-cadherin-mediated cell-cell adhesion was nei-
ther essential nor sufficient to initiate the formation of GJs de
novo in A431D cells and facilitated the growth and assembly of
only preformed GJs composed of Cx43. Growth of cells on
Transwell filters was required to initiate the assembly of Cx32.
Our findings also demonstrate a novel and an essential role of
the carboxyl termini of Cx43 and Cx32 in initiating the forma-
tion of GJs de novo in A431D cells. Moreover, our studies fur-
ther document that ZO-1 is required to initiate or stabilize GJs
composed of Cx43 and that direct or indirect cross-talk
betweenCxs and the actin cytoskeleton via ZO-1may be essen-
tial for GJ assembly.
Our biotinylation data showed that even though both Cxs

trafficked normally to the cell surface (Fig. 3), only Cx43 was
able to assemble into GJs (Fig. 1A). Moreover, E-cadherin
expression facilitated the assembly of only Cx43 and failed to
induce the assembly of Cx32 (Fig. 1A). These data suggest

that the assembly of Cxs into GJs upon arrival at the cell
surface is subject to regulatory mechanisms at the site of
cell-cell contact that are likely to be Cx-specific and that
cell-cell adhesion by itself is not sufficient to initiate the
assembly. Because expression of Cx32 and Cx43 by itself nei-
ther triggered nor augmented E-cadherin-mediated cell-cell
adhesion (supplemental Fig. S4), these regulatory mechanisms
are likely to be cell-cell adhesion-independent, at least with
regard to the type of adhesionmeasured by cell-cell aggregation
assay, which has been widely used to document cell-cell adhe-
sion mediated by cadherins (19, 32) as well as by Cxs (47, 48).
Although previous studies have demonstrated an important
role of cell-cell adhesion in facilitatingGJ assembly (12–15), our
findings do not rule out the causative role played by other cell-
cell adhesion mechanisms that are independent of E-cadherin
and connexins. Notwithstanding that such cell-cell adhesion
systems likely exist in A431D cells, for example those mediated
by nectins, NCAM, and JAMS, etc. (9, 10), they were insuffi-

FIGURE 10. ZO-1 knockdown disrupts gap junction assembly. A431D-43 and A431DE-43 cells were either mock-transfected with Oligofectamine (labeled
MOCK) or transfected with 130 nM ZO-1 SMARTpool siRNA (labeled siRNA) or DY-547-labeled control RISC-free siGLO RNA (labeled SiGLO) as described under
“Materials and Methods.” A, expression of ZO-1 and Cx43 was determined by immunoblotting 10 �g of total protein. The blots were re-probed with anti-�-actin
antibody to verify equal loading. Note that ZO-1 expression is reduced significantly in cells transfected with ZO-1 SMARTpool siRNAs. B, cells were immuno-
stained for Cx43 and ZO-1 together. Note that ZO-1 staining (red) is significantly reduced in ZO-1 SMART pool siRNA-transfected cells compared with
MOCK-transfected cells. Note significant loss of gap junction puncta (green), with a concomitant increase in the intracellular Cx43 staining, in ZO-1 siRNA-
transfected cells compared with MOCK-transfected cells. Bar, 10 �m.
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cient to trigger the assembly of Cx32 in monolayer cultures,
which suggests that the assembly was regulated promiscuously
in a Cx-specific manner both in the presence and absence of
E-cadherin.
With regard to the assembly of Cx43, E-cadherin expression

not only increased the mean size of the GJs but also decreased
the mean number of puncta per interface by 2-fold
(supplemental Fig. S1 and Fig. S2). One plausible explanation
for these data might be that formation of cadherin trans-
dimers, or adherens junctions, initiates a signaling pathway that
facilitates the coalescence of smaller puncta, which are highly
dynamic and unstable (49, 50), into larger ones without affect-
ing the frequency of plaque initiation, possibly via altering actin
dynamics at the site of cell-cell contact (45). This explanation is
in accord with the findings, which showed that expression of
E-cadherin not only induced cell-cell adhesion in A431D cells
(supplemental Fig. S4) but also stabilized expression and
recruited�- and�-catenins to the site of cell-cell contact (Fig. 1,
B andD).Moreover, this explanation is also in congruence with
the findings that formation of cadherin trans-dimers appears to
leave a distance of 20–25 nm between contiguous plasma
membranes (10, 51), which is likely to hinder the docking of
connexons that can protrude from the cell surface at the most
by a few nanometers. Our findings with A431D cells showed
that the assembly was triggered in the absence of measurable
cell-cell adhesion, which had been presumed to be necessary.
Our data with cadherin-null A431D cells have unveiled a

previously unrecognized essential role of the carboxyl tails of
Cxs in initiating the assembly of GJs. In congruence with the
findings reported in other studies, the carboxyl tail-deleted Cxs
and the EYFP-tagged chimeras used in this study formedGJs in
HEK293,HeLa, and the humanprostate cancer cell line LNCaP.
One possible explanation for these data is that in cadherin-null
A431D cells, the linkage of Cxs to actin via carboxyl termini
may be required to prime the initiation of GJ plaques before
their maturation into larger plaques, as has been demonstrated
during the genesis of adherens junctions (52–54), and that the
requirement for this linkage is either bypassed or compensated
by alternative pathway(s) used to assemble GJs when cadherins
are present such as in N-cadherin-expressing HeLa and
HEK293 cells and E-cadherin-expressing LNCaP cells (24, 55).
The carboxyl termini of Cxs interact with several proteins,

such as ZO-1 and ZO-2, which are thought to form scaffolding
complexes that link Cxs to the cytoskeleton (21, 22). Our find-
ings showed that GJs were formed on actin-rich fibers at the
areas of cell-cell contact where ZO-1 and Cx43 co-localized
extensively (Fig. 8). Moreover, ZO-1 did not co-localize with
Cx43-EYFP, Cx43�363, Cx43�257, and Cx43�257-EYFP,
which failed to assemble into GJs in A431D cells (Fig. 7). Fur-
thermore, GJs were disassembled within 1 h after cytochalasin
B treatment in cadherin-null A431D43 cells, and the disassem-
bly was delayed in E-cadherin-expressing A431DE-43 cells.
Although the interaction of ZO-1 with Cx43 has been shown to
modulate GJ assembly and disassembly, the mechanisms have
not yet been elucidated. Our data imply that, at least in A431D
andA431DE cells, a direct or indirect interaction betweenCx43
and actin via ZO-1 may be required to initiate the formation of
nascent GJ plaques or to stabilize them, and this interaction

might be further strengthened by E-cadherin via �-catenin as
has been observed during the formation of adherens junctions
(52, 54). This explanation is in accord with our data, which
showed that junctional plaquesweremore stable in E-cadherin-
expressing A431DE-43 cells compared with cadherin-null
A431D-43 cells. This notion is further substantiated by our
data, which show that ZO-1 knockdown attenuated GJ assem-
bly both inA431D-43 andA431DE-43 cells (Fig. 10), and by our
findings demonstrating the failure of Cx43-EYFP, Cx43�363,
Cx43�257, and Cx43�257-EYFP (which do not bind ZO-1) to
assemble into GJs. This line of thought is further supported by
the studies, which showed that the specific interaction between
the PDZ2domain of ZO-1 andCx43was required forGJ assem-
bly but not for trafficking to the cell surface (56, 57). Our data
also support the conclusions drawn from earlier studies, which
showed that the clustering of cell-cell channels to form nas-
cent GJ puncta and their incorporation into the plaques, but
not the maintenance of matured GJ plaques, was dependent
on an intact actin cytoskeleton (58–60).
The above argumentsmay also apply to the assembly of Cx32

into GJs in cells grown on Transwell filters. For example, Cx32
is predominantly expressed bywell differentiated and polarized
cells (23), and it is likely that its assembly into GJs might also be
governed by the appropriate expression of proteins that main-
tain or are induced upon partial polarization and that allow it to
interact with the cytoskeletal proteins via its carboxyl terminus.
The acquisition of the polarized state is accompanied not only
by extensive remodeling of cytoskeletal elements but also by
recruitment of several protein complexes to the areas of cell-
cell contact such as Crumbs complex and the partitioning
defective complex (35, 46, 61–63). Connexin32, apart from
interacting with caveolin-1 and Cx26, has been shown to
interact with occludin, a tight junction-associated protein
that binds ZO-1 (21), and with Discs Large Homolog-1 (64),
a protein with multiple PDZ binding domains expressed in
well differentiated and polarized cells. Moreover, this line of
thought is consistent with the failure of carboxyl tail-deleted
Cx32�220 and Cx32�220-EYFP to assemble into GJs in cad-
herin-null and E-cadherin-expressing cells (Fig. 6).
An intriguing aspect of the data with respect to the assem-

bly of Cx32 on Transwell filters is that despite robust forma-
tion of GJ puncta and their detergent insolubility (Fig. 4), the
channels did not permit the transfer of GJ-permeable fluo-
rescent tracers, such as Lucifer Yellow, Alexa Fluor 488, and
Alexa Fluor 594 (Table 2), which are known to pass through
these channels (3). In this regard our data showed that when
grown on Transwell filters for 3–6 days, A431D and A431DE
cells, while becoming more columnar as assessed by a 2-fold
increase in cell height compared with cells grown on plastic
(supplemental Fig. S7), failed to attain a fully polarized state
as assessed by the random orientation of Golgi stacks and
distribution of �1-integrin, ZO-1, and Na-K-ATPase at the
apical and basolateral domains (supplemental Fig. S7).
Although there may be several explanations for these find-
ings, one plausible explanation is that additional physiolog-
ical stimuli or acquisition of a fully polarized state may be
required to open these channels. Alternatively, GJs may
serve yet another function independent of communication
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when cells have acquired a polarized state, which is known to
last from minutes to days or even years (46, 62, 63). The role
of gap junctional communication in maintaining the polar-
ized and the differentiated state of epithelial cells has not yet
been investigated. Recent studies have shown that formation
of GJs is required to induce the assembly of tight junctions or
to maintain them (65). The fact that cell polarization also
enhanced the assembly of Cx43 into gap junctions in cad-
herin-null A431D-43 cells, and E-cadherin expression had
no further effect, suggests that its assembly might also be
regulated by proteins that are induced upon polarization and
that may allow maturation of gap junctional puncta in the
absence of E-cadherin expression. Although the molecular
mechanisms involved in the assembly of Cx32 into GJs in
cells grown on Transwell filters remain to be investigated,
our findings imply that distinct regulatory mechanisms are
utilized to initiate its formation into nascent gap junctional
plaques, the choice of which is likely dictated by the physio-
logical state of the cells.
What might be the possible physiological relevance of

E-cadherin-mediated facilitation of GJ assembly with regard
to increase in plaque size, stability, and function of cell-cell
channels? The number of channels in a given GJ plaque may
range from 50 to over 10,000, and there is a wide range of
variation in the size of GJs formed between two adjacent cells
(3, 66). Moreover, clustering of cell-cell channels and
increase in GJ size and function in response to polypeptide
hormones is frequently observed (67). Furthermore, it has
been demonstrated that clustering of cell-cell channels is a
prerequisite for the opening of cell-cell channels and that
larger GJ plaques have more open channels compared with
smaller plaques in which most channels remain closed (68).
Although our data showed that E-cadherin expression had
no discernible effect on the permeability of fluorescent trac-
ers, such as Lucifer Yellow, Alexa Fluor 488, and Alexa Fluor
594, it is possible that permeability to physiologically rele-
vant molecules or to smaller molecules less than 443 Da was
enhanced upon E-cadherin expression, which increases the
frequency of larger GJ plaques in A431DE-43 cells. Alterna-
tively, E-cadherin-mediated increase in GJ plaque size and
stability may facilitate the assembly of other junctional com-
plexes, which are required to maintain the polarized and
differentiated state of epithelial cells (62, 63). More elaborate
studies with a variety of cell-cell adhesion molecules are
needed to assess further the physiological significance of our
findings with respect to the functional role of gap junctional
communication.
In essence, our studies with human A431D squamous carci-

noma-derived cells have shown that the assembly of Cx43 and
Cx32 upon arrival at the cell surface is regulated differently
both in the absence and presence of E-cadherin, although the
molecular nature of the mechanisms involved remains to be
elaborated.Wehave also shown that E-cadherin-mediated cell-
cell adhesion facilitates the assembly of GJs composed of Cx43
but is not sufficient to induce the assembly of Cx32. Using
A431D and A431DE cells, we have uncovered a role for the
carboxyl tails of Cx43 and Cx32 in initiating the de novo forma-
tion of GJs, which had remained previously unrecognized. Our

data also imply that direct or indirect cross-talk between car-
boxyl tails of Cxs and actin cytoskeleton via ZO-1 may regulate
GJ assembly and growth. The fact that our findings pertaining
to the role of E-cadherin andZO-1 in regulating the assembly of
Cxs into GJs in A431D cell culture model systems are different
from those reported in other cell culture models implies that
multiple regulatory mechanisms are likely utilized in a physio-
logical state, cell context, and internal and external milieu-de-
pendent manner to control GJ size, dynamics, and growth.
Future studies will be needed to fully understand and elaborate
the molecular mechanism by which E-cadherin expression
facilitates the assembly of Cx43 into GJs, how cross-talk
between Cx43 and actin via ZO-1 regulates plaque dynamics
and assembly, and how cell growth on Transwell filters facili-
tates the assembly of Cx32 into GJs.
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Cadherins have been thought to facilitate the assembly of connexins (Cxs) into gap junctions (GJs) by enhancing cell–cell
contact, however the molecular mechanisms involved in this process have remained unexplored. We examined the assembly
of GJs composed of Cx43 in isogenic clones derived from immortalized and nontransformed rat liver epithelial cells that
expressed either epithelial cadherin (E-Cad), which curbs the malignant behavior of tumor cells, or neuronal cadherin
(N-Cad), which augments the invasive and motile behavior of tumor cells. We found that N-cad expression attenuated the
assembly of Cx43 into GJs, whereas E-Cad expression facilitated the assembly. The expression of N-Cad inhibited GJ assembly
by causing endocytosis of Cx43 via a nonclathrin-dependent pathway. Knock down of N-Cad by ShRNA restored GJ
assembly. When both cadherins were simultaneously expressed in the same cell type, GJ assembly and disassembly occurred
concurrently. Our findings demonstrate that E-Cad and N-Cad have opposite effects on the assembly of Cx43 into GJs in rat
liver epithelial cells. These findings imply that GJ assembly and disassembly are the down-stream targets of the signaling
initiated by E-Cad and N-Cad, respectively, and may provide one possible explanation for the disparate role played by these
cadherins in regulating cell motility and invasion during tumor progression and invasion.

INTRODUCTION

The cell–cell and cell–matrix adhesion molecules and their
associated proteins often assemble into large macromolecu-
lar complexes, such as adherens junctions, desmosomes,
tight junctions, and hemi-desmosomes and maintain the
polarized and differentiated state of epithelial cells (Bryant
and Mostov, 2008). Most cells in a polarized epithelium are
also interconnected by another class of junctions, called GJs,
which permit the direct passage of small molecules (� 1
kDa) between adjoining cells (Goodenough and Paul, 2009).
Gap junctions are ensembles of several cell–cell channels
that are formed by a family of �20 related proteins, called

Cxs, which have been designated according to their molec-
ular mass. A gap junctional cell–cell channel is formed when
Cxs first oligomerize as hexamers to form a connexon,
which, upon reaching the cell surface, docks with a con-
nexon displayed by an adjacent cell (Segretain and Falk,
2004; Laird, 2006). Cell–cell communication mediated by
gap junctional channels has been shown to regulate the
proliferation and differentiation of epithelial cells and thus
to fulfill a homeostatic role (Saez et al., 2003; Goodenough
and Paul, 2009). Impaired, or loss of, Cx expression has been
implicated in the pathogenesis of several forms of neoplasia
as evidenced by in vitro and in vivo studies showing induc-
tion of cellular differentiation and attenuation of the malig-
nant phenotype upon forced expression of Cxs in tumor
cells and by gene knock out studies in transgenic mice (Wei
et al., 2004; Crespin et al., 2009). Mutations in several Cx
genes have been characterized in inherited diseases associ-
ated with aberrant cellular proliferation and differentiation
(Laird, 2010).

In contrast to the well-established role of tight and adhe-
rens junctions, the role of GJs in initiating and maintaining
the polarized and differentiated state of epithelial cells is not
understood and remains yet to be explored. The importance
of investigating this is underscored by the fact that loss of
the polarized and differentiated state of epithelial cells is the
hallmark of a variety of carcinomas as they progress from an
indolent to an invasive state as well of epithelial to mesen-
chymal transformation (EMT) in which tumor cells become
more migratory and motile (Thiery et al., 2009). It is thought
that these changes are induced upon disruption of several
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junctional complexes (Mosesson et al., 2008). Moreover, re-
cent studies have shown that forced expression of Cxs par-
tially reverses EMT-like characteristics acquired by breast
cancer cells (McLachlan et al., 2006) and that maintenance of
tight junctions may be dependent on the formation of GJs in
some cell types (Kojima et al., 2007).

A first step toward elucidation of the role of GJs in main-
taining the polarized and differentiated state of epithelial
cells is to examine their assembly and disassembly upon loss
or alteration of this state. Because bidirectional signaling
between cadherins and Cxs has been implicated in the as-
sembly of GJs (Musil et al., 1990; Jongen et al., 1991; Meyer et
al., 1992; Hernandez-Blazquez et al., 2001; Wei et al., 2005),
and because cadherins have been shown to play an impor-
tant role in tumor progression and EMT (Wheelock and
Johnson, 2003; Wheelock et al., 2008; Thiery et al., 2009), we
explored the role of E-Cad, a cadherin expressed widely by
epithelial cells, and N-Cad, a cadherin expressed by neuro-
nal and mesenchymal cells (Tepass et al., 2000; Gumbiner,
2005), in controlling the assembly and disassembly of GJs.
We chose these cadherins because they have been shown to
affect the behavior of epithelial tumor cells in a diametrically
opposed way, although both mediate cell–cell adhesion in
cells in which they are normally expressed. For example,
loss of, or dysfunctional, E-Cad mediated cell–cell adhesion
facilitates the dissemination of tumor cells and confers upon
them a more invasive state. On the other hand, it is the gain
of N-Cad by the tumor cells that augments the dissemina-
tion of tumor cells and increases their migration and motility
(Cavallaro and Christofori, 2004; Wheelock et al., 2008). Also,
several studies have shown that one of the hallmarks of
tumor progression and EMT is the gain of N-Cad expression
by tumor cells, which may or may not be accompanied by
the concomitant loss of E-Cad expression (Cavallaro and
Christofori, 2004; Wheelock et al., 2008; Thiery et al., 2009).

Based on the well-documented role of Cxs in suppressing
tumor formation and the fact that Cx expression and GJ
assembly are compromised in advanced stages of carcino-
mas (Mehta et al., 1999; King and Lampe, 2004; Crespin et al.,
2009), as well as prompted by studies that showed inhibition
of GJ assembly by N-Cad (Wang and Rose, 1997), we rea-
soned that the two cadherins could have opposite effects on
the assembly of GJs, with E-Cad facilitating and N-Cad
inhibiting the assembly. To test this notion, we studied the
assembly of GJs composed of Cx43 in isogenic clones de-
rived from rat liver clone 9 (RL-CL9) cells that expressed
either E-Cad or N-Cad. We show here that N-Cad expres-
sion attenuates GJ assembly by triggering endocytosis of
Cx43 by a nonclathrin dependent pathway upon arrival at
the cell surface, whereas knock down of N-Cad, or expres-
sion of E-Cad, facilitates the assembly. Our findings docu-
ment that GJ assembly is one of the downstream targets of
signaling initiated by these cadherins and may rationally
explain some of the intriguing and at times contrasting roles
of E-Cad and N-Cad in regulating cell adhesion, migration,
and motility of tumor cells.

MATERIALS AND METHODS

Cell Culture
Immortalized and nontransformed rat liver clone 9 (RL-CL9) epithelial cells
were purchased from ATCC and have been described earlier (Mehta et al.,
1986; Mehta et al., 1992). Stock cultures were maintained by seeding 105 cells
per 10-cm dish in DMEM (GIBCO, Grand Island, NY) supplemented with 5%
defined fetal bovine serum (Hyclone, Salt Lake City, UT) in an atmosphere of
5% CO2/95% air. Cells were passaged once a week and used between pas-
sages 3–12. New stock cultures were initiated every month from frozen vials.
This schedule was strictly maintained. The retroviral packaging cell lines,

Phoenix 293T, PA317, and PTi67 were grown as described previously (Mitra
et al., 2006). RL-CL9 cells were infected with various recombinant retrovi-
ruses, and pooled cultures were grown and maintained in complete medium
containing G418 (200 �g/ml), puromycin (2 �g/ml), and G418 plus puromy-
cin (see retroviruses and retrovirus infection).

Isolation of Isogenic Subclones from RL-CL9 Cells
Expressing E-Cadherin and N-Cadherin
One hundred RL-CL9 cells from passages 4 and 30 were seeded in 10-cm
dishes in complete culture medium and allowed to grow into colonies.
Between 63–100 clones from early and late passage cells were isolated using
glass cylinders and expanded and frozen. Each clone was analyzed separately
by Western blot and immunocytochemical analysis for the expression of
E-Cad, N-Cad, Cx43 as well as for subcellular localization. Subclones that
expressed only E-Cad and no detectable level of N-Cad were designated as
RL-E�N cells whereas subclones that expressed N-Cad and no detectable
level of E-Cad were designated as RL-N�E cells. Further characterization of
these clones is described in Results.

Plasmids, Retroviral Vectors, and Other Recombinant
DNA Constructs
We used the following retroviral vectors for our studies. 1. LXSN, LZRS-neo
and LZRS-pac (control retroviruses). 2. LXSNCx32 harboring rat Cx32. 3.
LXSNE-Cad (human), which was constructed by subcloning E-Cad into the
EcoR1 and BamH1 sites of LXSN. 4. LZRS-E-Cad-Myc and LZRS-N-Cad-Myc
expressing Myc-tagged human E-Cad and N-Cad. 5. ShN-Cad, ShP-Cad, and
ShEGFP in pSuper.Retro.puro. The construction of these retroviral vectors has
been described (Mehta et al., 1999; Nieman et al., 1999; Kim et al., 2000a;
Govindarajan et al., 2002; Maeda et al., 2005; Maeda et al., 2006; Mitra et al.,
2006; Shintani et al., 2008). GFP-tagged Rab5 and Rab7 and their constitutively
active mutants, Rab5Q-L and Rab7Q-L, were kind gifts from Dr. Caplan.
These retroviral vectors were used to produce recombinant retroviruses in
HEK293T, PA317 and PTi67 amphotropic packaging cell lines as described
(Mitra et al., 2006; Chakraborty et al., 2010). RL-CL9 cells were multiply (2–4
times) infected with various recombinant retroviruses and selected in either
G418 (400 �g/ml) or puromycin (2 �g/ml) for 2–3 wk in complete medium.
Pooled cultures from 1000–2000 colonies obtained from three to four dishes
were expanded, frozen, and maintained in G418 (200 �g/ml) and in G418 and
puromycin (2 �g/ml). Pooled polyclonal cultures were used within two to
three passages for immunocytochemical and biochemical analyses.

Cell Surface Biotinylation Assay
Cells (2 � 105) were seeded in 6-cm dishes in 4 ml of complete medium and
grown to confluence. Cell surface biotinylation was performed at 4°C by
incubation with freshly prepared EZ-LinkSulfo-NHS-SS Biotin reagent
(Pierce; Rockford, IL) at 0.5 mg/ml in phosphate buffered saline (PBS) sup-
plemented with 1 mM CaCl2 and 1 mM MgCl2 (PBS-PLUS) for 1 h as
described (VanSlyke and Musil, 2000; Chakraborty et al., 2010). The reaction
was quenched with PBS-PLUS containing 20 mM glycine and cell lysis and
affinity precipitation of biotinylated proteins were performed with 100 �g of
total protein using 50 �l of streptavidin agarose beads (Pierce, Rockford, IL)
on a rotator overnight at 4°C. The streptavidin-bound biotinylated proteins
were eluted by incubating the beads for 30 min in 1� SDS loading buffer and
resolved by SDS-PAGE followed by Western blotting. As an input, equal
amount of total protein (10 �g) was also subjected to SDS-PAGE and Western
blot analysis. To determine the kinetics of degradation of cell-surface associ-
ated Cx43, cells were biotinylated at 4°C as described above and, after
washing and quenching biotin, were chased at 37°C for various times before
affinity precipitation of the biotinylated proteins with streptavidin. The pro-
tein concentration was determined using BCA reagent (Pierce).

Detergent Extraction and Western Blot Analysis of Cx43
and Cx32
Cell lysis, detergent solubility assay with 1% Triton X-100 (TX-100), and
Western blot analysis were performed as described (VanSlyke and Musil,
2000; Mitra et al., 2006; Chakraborty et al., 2010). Briefly, 5 � 105 RL-E�N and
RL-N�E cells were seeded per 10-cm dish in 10 ml of complete medium and
grown to confluence. Cells were then lysed in buffer SSK (10 mM Tris, 1 mM
EGTA, 1 mM PMSF, 10 mM NaF, 10 mM NEM, 10 mM Na2VO4, 10 mM
iodoacetamide, 0.5% TX-100, pH 7.4) supplemented with the protease inhib-
itor cocktail (Sigma, St. Louis, MO). To determine the detergent solubility
of Cx43, the concentration of TX-100 was raised to 1% before ultracentrif-
ugation at 100,000 � g for 60 min (35,000 rpm in analytical Beckman
ultracentrifuge; Model 17– 65 using a SW50.1 rotor). The detergent-insol-
uble pellets were dissolved in buffer C (70 mM Tris/HCl, pH 6.8, 8 M urea,
10 mM NEM, 10 mM iodoacetamide, 2.5% SDS, and 0.1 M DTT). After
normalization based on cell number, the total, TX-100-soluble, and -insol-
uble fractions were mixed with 4� SDS-loading buffer to a final concen-
tration of 1� and boiled at 100°C for 5 min (for Cx43) or incubated at room
temperature for 1 h (for Cx32) before SDS-PAGE analysis.
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Detergent (TX-100) Extraction of Cells In Situ
RL-E�N and RL-N�E cells were extracted in situ with 1% TX-100 essentially
as described previously (Govindarajan et al., 2002; Chakraborty et al., 2010). In
brief, 2.5 � 105 cells were seeded per well in six-well clusters containing glass
cover slips and were grown for 2–3 d when they attained confluence. The cells
were rinsed once in PBS and then incubated in isotonic medium (30 mM
HEPES, pH 7.2; 140 mM NaCl; 1 mM CaCl2, 1 mM MgCl2) supplemented with
the protease inhibitor cocktail (Sigma, MO) for 45 min at 4°C in the presence
and absence of 1% TX-100. The dishes were swirled gently and intermittently.
After incubation, cells were fixed and immunostained with appropriate pri-
mary and secondary antibodies as described below. The detergent-solubility
of Cxs in single RL-E�N and RL-N�E cells was examined 24–36 h after
seeding between 1 and 2 � 103 cells per well in six-well clusters. Under these
conditions between 50 and 60% of seeded cells remained single and well-
spread.

Antibodies and Immunostaining
Rabbit polyclonal and mouse monoclonal antibodies against Cx43 and Cx32
have been described earlier (Mehta et al., 1999). Rabbit anti-EEA-1 (PA1–063)
was obtained from Affinity BioReagents (Golden, CO). Rabbit anti–caveolin-1
and anti–caveolin-2 were purchased from BD Transduction laboratories (San
Jose, CA). Mouse anti-occludin (clone OC-3F10) was from Zymed Laborato-
ries (South San Francisco, CA). Rabbit anti–�-catenin, rabbit anti–�-catenin,
rabbit anti-Cx32 (loop and tail), and mouse anti–�-actin (clone C-15) antibod-
ies were from Sigma (St. Louis, MO). Mouse anti-ZO1 (610967) and mouse
anti-GM130 (610822) antibodies were obtained from BD Transduction labo-
ratories (San Jose, CA). Mouse anti-clathrin heavy chain (MAI-065) was
purchased from Affinity Bioreagents (Rockford, IL). Mouse anti-N-Cad,
mouse anti-E-Cad, mouse anti–�-catenin, and mouse anti–�-catenin antibod-
ies have been previously described (Maeda et al., 2005; Mitra et al., 2006;
Shintani et al., 2008; Chakraborty et al., 2010). We also used rabbit anti–E-Cad
antibody for immunostaining rat E-Cad. The production of this antibody has
been described (Wheelock et al., 1987). Alexa-488 and Alexa-594 phalloi-
dins as well as Alexa-488 and Alexa-594 conjugated cholera toxin, trans-
ferrin, and EGF were purchased from Invitrogen (Molecular Probes/
Invitrogen, Eugene, OR).

RL-E�N and RL-N�E cells (see Results), seeded in six-well clusters at a
density of 2.5 � 104/well and allowed to grow to confluence, were immuno-
stained at room temperature with various antibodies at appropriately cali-
brated dilutions after fixing with 2% para-formaldehyde for 15 min as de-
scribed previously (Mitra et al., 2006; Chakraborty et al., 2010). Secondary
antibodies (rabbit or mouse) conjugated with Alexa-488 and Alexa-594 were
used as appropriate. Images of immunostained cells were acquired with a
Leica DMRIE microscope (Leica Microsystems, Wetzler, Germany) equipped
with Hamamatsu ORCA-ER CCD camera (Hamamatsu City, Japan). For
colocalization studies, serial z sections (0.5 �m) were collected and analyzed
after iterative deconvolution using image-processing software (Volocity; Im-
provision, Lexington, MA). SlowFade antifade (Molecular Probes/Invitrogen)
was used to mount cells on glass slides.

Cell Growth on Transwell Filters
RL-CL9, RL-E�N, and RL-N�E cells (2 � 104) were plated onto 12-mm
transwell filters (pore size, 0.4 �m; Corning Life Sciences, MA) and grown for
7–21 d as described (Chakraborty et al., 2010). Medium of the upper and lower
filter chambers was changed on alternate days. The immnunocytochemical
analyses were performed directly on filters, after which the filters were cut
with a sharp scalpel and mounted on glass slides with their cell side facing up.
A drop of SlowFade antifade was placed on top followed by a glass coverslip,
which was pressed gently using a 50 gm weight overnight. The edges were
sealed with nail polish.

Cell Aggregation Assay
The hanging drop suspension culture method was used to test aggregation of
RL-E�N and RL-N�E cells as described (Chakraborty et al., 2010). After
harvesting with trypsin/EDTA, cells were resuspended at 2.5 � 105 cells per
ml in complete culture medium and a 20-�l drop of medium containing 5 �
103 cells was suspended as a hanging drop from the lid of a 10 cm2 Petri dish
(40 hanging drops per lid) filled with PBS to prevent drying of the drops. The
cells were then allowed to aggregate in a humidified 5% CO2 incubator at
37°C for 16–20 h after which cells and aggregates were triturated five times
with a standard 200 �l pipette tip to disperse loosely associated cells and a
coverslip was placed gently on top of the cells. The cells were visualized by
phase-contrast light microscopy at �5 magnification and images captured
using a CCD camera (Retiga 2000R, FAST 1394) mounted on a Leica DMRIE2
microscope with the aid of Volocity software (Improvision, Lexington, MA).
For quantifying the size, the outline of each aggregate was drawn using an
ROI tool and the area of each aggregate was measured. All images were
analyzed at the same magnification and the area was recorded as “relative
units” for each aggregate. The average area of the aggregates was considered
as a measure of aggregate formation.

Cell Migration Assay
RL-E�N and RL-N�E cells were seeded on LabTek two-well chamber slides
and allowed to grow to confluence. Confluent monolayers of cells were
wounded by manually scratching with a pipette tip. We chose scratch areas of
equal width for these assays. After marking the positions of the wounds in the
X-Y plane, cells were imaged every 30 min at 37°C in an atmosphere of 5%
CO2/95% air for 24 h in a live cell imaging chamber mounted on an Olympus
IX81 motorized inverted microscope (Olympus America Inc; Center Valley,
PA). The microscope was controlled by IX2-UCB U-HSTR2 motorized system
with a focus drift compensatory device IX1-ZDC. Images were captured using
a Hamamatsu ORCA ER2 CCD camera and processed by imaging software
Slidebook version 5.0 (Intelligent Imaging Innovations, Denver, CO).

Gap Junctional Communication Assays
Gap junctional communication was measured by microinjecting fluorescent
tracers, Alexa Fluor 488 (MW 570 Da; A-10436) and Alexa Fluor 594 (MW 760
Da; A-10438), and by scrape loading as described (Govindarajan et al., 2002;
Chakraborty et al., 2010). Fluorescent tracers were microinjected with an
Eppendorf InjectMan and FemtoJet microinjection systems (Models 5271 and
5242, Brinkmann Instrument, Westbury, NY) mounted on a Leica DMIRE2
microscope. The images of microinjected cells were captured using a CCD
camera (Retiga 2000R, FAST 1394) with the aid of Volocity software (Impro-
vision, Lexington, MA) one and five minutes after microinjection for RL-E�N
and RL-N�E cells, respectively, and the number of fluorescent cells, excluding
the microinjected one, was counted from the captured images that were
stored as TIFF files as described previously (Govindarajan et al., 2002;
Chakraborty et al., 2010).

Cells were scrape-loaded as described (Govindarajan et al., 2002;
Chakraborty et al., 2010). Briefly, RL-E�N and RL-N�E cells were seeded in
six-well clusters at a density of 2.5 � 104/well and allowed to grow to
confluence. Cell culture medium from freshly confluent cells was removed
and replaced with 1 ml of medium containing rhodamine-conjugated fluo-
rescent dextrans (10 kDa, 1 mg/ml; fixable) and Lucifer yellow (0.5%). Cells
were scrape-loaded using a sterile scalpel by two longitudinal scratches and
incubated for one minute at room temperature. Cells were washed quickly
two to three times with warm PBS containing calcium and magnesium and
returned to the incubator for five minutes, after which the medium was
removed, cells were washed two times with PBS and fixed with 3.7% buffered
Formalin at room temperature. The autofluorescence of cells was quenched
with 0.1 M glycine and after washing once with PBS, the cover slips were
mounted on glass slides in a droplet of SlowFade. Images of the scrape-loaded
cells were captured as described above.

Treatments
Stock solutions of brefeldin (BIOMOL) and monensin (Calbiochem) were
prepared in ethanol at 10 mM and stored at �80°C in small aliquots. Stock
solution of chlorpromazine (BIOMOL) was prepared at 50 mg/ml in ethanol
and those of filipin and methyl-�-cyclodextrin were prepared in cell culture
medium at 20 mM each and stored frozen at �80°C for up to 1 mo. All
solutions were appropriately diluted in the cell culture medium at the time of
treatment.

RESULTS

Characteristics of Rat Liver Clone 9 (RL-CL9) Cells
We used an immortalized, nontransformed rat epithelial cell
line, called RL-CL9, to examine GJ assembly and disassem-
bly (Mehta et al., 1986; Mehta et al., 1992). RL-CL9 cells have
a typical epithelial morphology (Figure S-1A) and express
adherens junction–associated proteins E-Cad and �- and
�-catenins, and tight junction associated proteins, occludin
and ZO-1; moreover, these cells form cortical actin bundles
and form GJs composed of Cx43 (Figure 1A). Furthermore,
when grown on transwell filters, these cells grow as a mono-
layer, continue to express Cx43 and ZO-1 (Figure 1B), and
acquire a partially polarized state as assessed by increased
height of these cells and apical distribution of Na-K ATPase
(not shown). Finally, these cells express both mesenchymal
markers, such as vimentin, and epithelial markers, such as
cytokeratin 8 (data not shown).

Altered Cadherin Expression and Gap Junction Assembly
We fortuitously observed that upon serial propagation of
RL-CL9 cells from passage 4 to greater than passage 20, a
population of cells emerged that began to lose typical cob-
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blestone-like epithelial morphology (Figure S-1, top row).
Moreover, immunocytochemical analysis showed that this
population of cells began to express N-Cad (Figure S-1,
middle row, left panel) in addition to E-Cad (Figure S-1,
bottom row, middle panel). Furthermore, in this population
of cells Cx43 was not assembled into GJs and was retained in
the cytoplasm (Figure S-1, middle row). In addition, E-Cad
expression at the areas of cell–cell contact of these cells
appeared to be less robust and at times discontinuous (Fig-
ure S-1, bottom row, arrows). On systematic examination,
we found that serial propagation of early passage RL-CL9
cells for 4–6 mo was gradually accompanied by an increase
in the expression level of N-Cad (Figure S-2A, lower panels;
Figure S-2C, blots) and vimentin (Figure S-2B, upper panels;
Figure S-2C, blot), an increase in the proportion of cells in
which actin was organized into stress fibers (Figure S-2B,
bottom panels), and an increase in the proportion of cells in
which Cx43 remained intracellular and failed to form GJs
(not shown). Moreover, the expression level of E-Cad was
not significantly altered (Figure S-2C), although some E-Cad
began to accumulate in the cytoplasm (Figure S-2A, upper
panels).

Gap Junction Assembly in E-Cadherin and N-Cadherin
Expressing RL-CL9 Isogenic Subclones
To test whether gain of N-Cad expression was associated
with the loss of GJ forming ability, we isolated between 63
and 92 clones from early and late passage RL-CL9 cells and
examined the expression level and localization of Cx43,
E-Cad, and N-Cad by immunocytochemical and Western
blot analyses in each clone. We found that 70% of clones
isolated from early passage (passage 4) RL-CL9 cells ex-
pressed only E-Cad and no detectable level of N-Cad,
whereas 79% of clones isolated from late passage (passage
20) cells expressed only N-Cad and no detectable levels of
E-Cad (Table S-1). Moreover, as assessed immunocytochem-
ically, 61% of clones isolated from early passage RL-CL9
cells formed GJs whereas only 25% of clones isolated from
late passage cells formed GJs (Table S-1). Furthermore, in
clones in which both N-Cad and E-Cad were expressed to
varying level, a fraction of Cx43 remained intracellular
whereas a fraction was assembled into GJs (data not shown).
For further study, we selected two E-Cad expressing clones
lacking N-Cad expression, designated as RL-E�N, and two

Figure 1. Expression of cell junction–associated proteins and Cx43 in RL-CL9 cells. (A) RL-CL9 cells, seeded in six-well clusters on glass
coverslips, were immunostained for E-Cad and �-catenin, occludin and ZO-1, and actin and Cx43. Note robust expression of these proteins
at cell–cell contact areas. (B) RL-CL9 cells were grown for 21 d on transwell filters and immunostained for Cx43 and ZO-1. Note that these
cells form a uniform monolayer and continue to express Cx43 and ZO-1 robustly. Bottom image in B is the three-dimensional merged image
of the top two images, which was volume rendered using Volocity. Nuclei (Green) were stained with DAPI. Bar � 20 �m in A and 10 �m
in B.
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N-Cad expressing clones lacking E-Cad expression, desig-
nated as RL-N�E, from early passage RL-CL9 cells to min-
imize the phenotypic and epigenetic changes that might
have ensued upon serial propagation of early passage cells
in vitro and which might have occurred in late passage
RL-CL9 cells. Qualitatively similar data were obtained with
both clones selected from each category and data from only
one representative clone are shown in subsequent studies.

Gap Junction Assembly and Function in RL-E�N
and RL-N�E Cells
As assessed by Western blot analysis, RL-E�N cells ex-
pressed only E-Cad and no N-Cad, whereas RL-N�E cells
expressed only N-Cad and no E-Cad; moreover, the expres-
sion level of Cx43, �- and �-catenins, occludin and ZO-1,
and cytokeratin 8 and vimentin was not significantly differ-
ent (Figure 2, A and B). In RL-E�N cells, Cx43 was assem-

bled into GJs, whereas in RL-N�E cells it was predominantly
intracellular as discrete puncta although small puncta,
which were barely detectable immunocytochemically, were
also observed at cell–cell contact regions (Figure 2 B). Al-
though no discernible difference in the expression level of
actin was observed between RL-E�N and RL-N�E cells,
actin was organized into cortical bundles in RL-E�N cells
whereas it was organized into more stress fibers in RL-N�E
cells as was observed in early passage and late passage
RL-CL9 cells (data not shown, but see Figure 1 and Figure
S-2B). Moreover, as was observed in early passage RL-CL9
cells, when grown on transwell filters, RL-E�N cells grew as
a monolayer, became columnar, and expressed ZO-1 ro-
bustly at the areas of cell–cell contact (Figure 2C, top row),
whereas RL-N�E cells formed a monolayer in which cell
borders seemed to partially overlap. Furthermore, the pat-
tern of localization of ZO-1 at areas of cell–cell contact was

Figure 2. Localization and expression of Cx43, adherens and tight junction proteins, and cytoskeletal proteins in RL-E�N and RL-N�E cells.
(A) Western blot analysis of the expression level of E-Cad (E-cad) and N-Cad (N-cad), Cx43, �- and �-catenins, occludin and ZO-1, cytokeratin
8 and vimentin and actin. Note that RL-E�N cells express only E-Cad, but no detectable level of N-Cad, whereas RL-N�E cells express only
N-Cad but no E-Cad. Note also that the expression level of Cx43 and other proteins is not discernibly different in the two cell lines. (B)
RL-E�N and RL-N�E cells were seeded on glass coverslips and immunostained for Cx43, E-Cad (E-cad), N-Cad (N-cad), and occludin (Occl).
Note that Cx43 is assembled into GJs in RL-E�N cells, whereas it remains intracellular as vesicular puncta in RL-N�E cells. Note also that
E-Cad, N-Cad, and occludin are localized at the areas of cell–cell contact in both cell types. (C) RL-E�N and RL-N�E cells were seeded on
transwell filters for 5 d and immunostained for Cx43 and ZO-1. Note a more robust expression of ZO-1 at cell–cell contact areas in RL-E�N
cells compared with RL-N�E cells. Note also partial overlap of cell boundaries in RL-N�E cells as well as GJ like punctate structures. Nuclei
(Blue) were stained with DAPI. Bar � 10 �m in B and 15 �m in C.
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discontinuous and diffuse (Figure 2C, bottom row). In addi-
tion, although Cx43 appeared to have formed GJ like puncta
due to partial overlap of the cell peripheries of the adjacent
cells, such puncta were rarely observed at the areas of cell–
cell contact upon careful examination (Figure 2C, bottom
row). Compared with RL-E�N cells which became columnar
and could be maintained as a monolayer on filters for 2–3
mo, RL-N�E cells became moribund and died within 10 d
after attaining confluence. To corroborate the immunocyto-
chemical data, we measured the junctional transfer of fluo-
rescent tracer, Lucifer Yellow (MW 443), by scrape-loading
(Figure 3A), and of Alexa 488 (MW 570) and Alexa 594 (MW
760), by microinjection (Figure 3B), in cells grown on glass
cover slips and transwell filters. We found that RL-E�N cells
communicated extensively whereas RL-N�E cells did not
communicate either on plastic or on transwell filters (Figure
3 and Table 1).

Because in contrast to RL-N�E cells, Cx43 was assembled
into GJs in RL-E�N cells, we also investigated whether
cell–cell adhesion mediated by E-Cad and N-Cad remained
functional in both cell types. A hanging drop assay, which
measures the rate and strength of cell–cell adhesion based
on the size of cell aggregates formed over time as well as the
resistance of the formed aggregates to a shearing force was
used (Kim et al., 2000b). As shown in Table S-2 both RL-E�N
and RL-N�E cells aggregated efficiently as assessed by the
mean area of the aggregates. We also found that RL-E�N
and RL-N�E cells failed to invade in a standard Matrigel
invasion assay (data not shown). Standard scratch (wound)
assays were performed to determine whether RL-N�E cells
were more motile compared with RL-E�N cells. Live cell
imaging of the scratches of equal width in three independent
experiments showed that wounds were filled within 14 �

2 h in RL-N�E cells whereas 22 � 2 h were required to fill
the wounds in RL-E�N cells (Figure S-3). The mean (� SE)
rate of migration was significantly faster in RL-N�E cells as
compared with RL-E�N cells (p � 0.04).

Taken together, the data presented in Figures 2, 3, and S-3
and in Tables 1 and S-1 suggest that a switch in expression
from E-Cad to N-Cad is associated with the attenuation of
assembly and/or maintenance of GJs and their function,
while the expression of E-Cad is associated with the facili-
tation of assembly and function. Moreover, these data also
suggest that in RL-N�E cells GJ assembly was not disrupted
because of lack of cell–cell adhesion but by some other
defect. Furthermore, these findings suggest that in RL-N�E
cells, N-Cad expression is more closely related with in-
creased motility and with the loss of ability to grow and
sustain a polarized monolayer on transwell filters than with
invasion in Matrigel.

Detergent-Solubility of Cx43 in RL-E�N and RL-N�E
Cells
To substantiate the immunocytochemical and functional
data, and to elucidate the possible mechanism of attenuation
of GJ assembly in RL-N�E cells, we determined the assem-
bly of Cx43 into GJs biochemically by Western blot analysis
of total and Triton X (TX)-100-soluble and TX-insoluble cell
fractions (VanSlyke and Musil, 2000). Intriguingly, a signif-
icant proportion of Cx43 was detected in detergent-insoluble
fractions in both RL-E�N and RL-N�E cells (Figure 4A).
Detergent solubility of live RL-N�E and RL-E�N cells by in
situ extraction with 1% TX-100 showed that intracellular
Cx43 puncta in RL-N�E cells and intercellular gap junctional
puncta in RL-E�N cells were detergent-insoluble (Figure
4B). We also found that in RL-N�E cells small intercellular
puncta at areas of cell–cell contact, which were barely de-
tectable immunocytochemically, remained detergent-resis-
tant. The solubility of �-catenin, an adherens junction–asso-
ciated protein, was not significantly affected in RL-E�N and
RL-N�E cells (Figure 4B), whereas EEA1, a marker for the
early endosomes, was lost upon in situ extraction (data not
shown). These data suggest that a significant proportion of
Cx43 in RL-N�E cells is detergent-insoluble and that the
detergent-insoluble fraction corresponds to discrete puncta
that lie scattered throughout the cytoplasm, as well as to
very small puncta that are seen at areas of cell–cell contact.

Figure 3. Gap junctional communication in RL-E�N and RL-N�E
cells. (A) Cells were grown on glass coverslips and scrape-loaded
with Lucifer Yellow and Alexa-594 conjugated dextrans. (B) Cells
were microinjected with the indicated tracers as described in Mate-
rials and Methods. Note that in RL-E�N cells, Lucifer Yellow has
transferred from scrape-loaded (red) cells to neighboring cells,
whereas no transfer is observed in RL-N�E cells. Note also that the
transfer of Alexa-488 and Alexa-570 from microinjected cells (indi-
cated by arrows) to neighboring cells is observed only in RL-E�N
cells.

Table 1. Junctional communication of various fluorescent tracers in
RL-E�N and RL-N�E cells*

Tracer Exp. # RL-E�N RL-N�E
RL-N�E

(on filters)

Lucifer Yellow 1 24 � 4† (20)‡ 0 � 0 (32) 0 � 0 (21)
2 22 � 4 (20) 0 � 0 (40) 0 � 0 (20)

Alexa-488 1 13 � 4 (20) 0 � 0 (36) 0 � 0 (33)
2 12 � 3 (20) 0 � 0 (40) 0 � 0 (44)

Alexa-594 1 4 � 1 (20) 0 � 0 (20) 0 � 0 (29)
2 6 � 2 (20) 0 � 0 (30) 0 � 0 (38)

*Number of fluorescent cells 5 min after microinjection.
†Mean � SE.
‡Number of mincroinjection trials. RL-E�N and RL-N�E cells were
seeded in 6-cm Nunc dishes in replicate at a density of 2 � 105 cells
per dish and allowed to grow to confluence for 4 days. Junctional
communication was measured by microinjecting different fluores-
cent tracers as described in Materials and Methods.
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Opposing Effects of E-Cadherin and N-Cadherin on Gap
Junction Formation
To explore further whether the expression of E-Cad and
N-Cad affects GJ assembly in a diametrically opposed way,
we undertook two complementary experimental approaches.
First, we knocked down N-Cad in RL-N�E cells using ShRNA.
Second, we introduced human N-Cad in RL-E�N cells and
E-Cad in RL-N�E cells. We used recombinant retroviruses to
express and knock down cadherins. Also, for these experi-
ments both N-Cad and E-Cad were myc-tagged to distinguish

them from their endogenously expressed rat counterparts. An
independent approach to knock down E-Cad using SiRNA
was not successful as it failed to reduce the expression of E-Cad
in RL-E�N cells (unpublished). To minimize clonal heteroge-
neity, GJ assembly and cellular localization of Cx43 were ex-
amined in pooled polyclonal cultures within 1–3 passages after
G418 or puromycin selection (see Materials and Methods).
Figures 5 and 6 show the representative data from three inde-
pendent sets of experiments and Table 2 provides the sum-
mary of the quantitative data.

Figure 4. Detergent-solubility of Cx43 in RL-E�N and RL-N�E cells. (A) Total (T), TX-100-soluble (S), and TX–insoluble (I) fractions from
cells were analyzed by Western blot analysis as described in Materials and Methods. The blots were stripped and reprobed with anti–�-actin
antibody to verify equal loading. Note that Cx43 is detected in both detergent-soluble and detergent-insoluble fractions in both cell types. (B)
Detergent solubility of Cx43 was examined in cells upon in situ extraction with 1% Triton X-100 at 4°C as described in Materials and Methods.
Cells were immunostained for Cx43 (green) and �-catenin (red). Note that both junctional Cx43 in RL-E�N cells and intracellular Cx43 in
RL-N�E cells were detergent-insoluble. Note also that the intensity of �-catenin at the areas of cell–cell contact is not significantly affected
by the detergent treatment. Bar � 15 �m.
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As assessed immunocytochemically and by the densito-
metric scanning of Western blots, ShN-cad decreased the
expression level of N-Cad by 80 � 7% (n � 3) in RL-N�E
cells (Figure 5 A) with a concomitant decrease in the local-
ization of N-Cad at the areas of cell–cell contact (Figure 5C,
compare top left panel with the bottom left panel), decrease
in the intracellular accumulation of Cx43 and an increase in
GJ assembly (Figure 5C, compare top middle and right
panels with the corresponding bottom panels). Knock down
of N-Cad had no discernible effect on the expression level of
Cx43 but decreased the detergent-soluble fraction without
affecting the detergent-insoluble fraction significantly (Fig-
ure 5B). These effects were not observed when RL-N�E cells
were infected with ShEGFP (Figure 5, A and B, left panels)
or ShP-Cad, an ShRNA directed against placental cadherin
(not shown). Moreover, knock down of N-Cad neither in-
duced E-Cad expression nor affected the expression level of
ZO-1 and �- and �-catenins (data not shown).

In the next series of experiments, we introduced myc-
tagged N-Cad in RL-E�N cells and myc-tagged E-Cad in

RL-N�E cells. As assessed by immunocytochemical and
Western blot analyses, E-Cad (Figure S-4A, bottom right
panel; Figure S-4C) and N-Cad (Figure S-4B, bottom right
panel; Figure S-4D) were expressed robustly and appropri-
ately at the areas of cell–cell contact when introduced into
RL-N�E and RL-E�N cells, respectively. As assessed by
quantitative immunocytochemical analysis, we found that
the expression of E-Cad in RL-N�E cells induced GJ assem-
bly and decreased intracellular Cx43 puncta (Figure 6A,
Table 2), whereas the expression of N-Cad in RL-E�N cells
partially attenuated GJ assembly and caused intracellular
accumulation of Cx43 (Figure 6B, Table 2). The expression of
E-Cad in RL-N�E cells had no discernable effect on the
expression level of N-Cad and its localization (Figure S-4, A
and C). Similarly, the expression of N-Cad had no detectable
effect on the expression level of E-Cad and its localization in
RL-N�E cells (Figure S-4, B and D). Taken together, these
data document that the presence of N-Cad at the cell surface
is associated with the attenuation of GJ assembly, whereas
the presence of E-Cad with the facilitation of the assembly.

Figure 5. N-cadherin knockdown restores gap junction assembly in RL-N�E cells. Cells were infected with ShEGFP and ShN-Cad and
selected as described in Materials and Methods. Expression level of total (T), detergent-soluble (S), and detergent-insoluble (I) N-Cad (A) and
Cx43 (B) were determined in cells infected with ShEGFP and ShN-Cad, respectively. Ten micrograms of total protein and normalized soluble
and insoluble fractions were resolved on 12% SDS-PAGE and immunoblotted for Cx43 and N-Cad. The blots were reprobed with �-actin to
verify equal loading. Note that the N-Cad expression level is significantly reduced in ShN-Cad infected pooled RL-N�E polyclonal cultures
(A), whereas the expression level of Cx43 (B) is not discernibly affected. Note also that knock down of N-Cad decreased the detergent soluble
fraction, and increased the detergent-insoluble fraction, of Cx43. (C) Pooled polyclonal cultures of RL-N�E cells infected with ShEGFP and
ShN-Cad were immunostained for Cx43 and N-Cad. Note the reduced expression of N-Cad at areas of cell–cell contact and in the intracellular
pool, the disappearance of intracellular Cx43, and GJ formation in cells infected with ShN-Cad but not with control retrovirus (ShEGFP).
Bar � 15 �m.
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Cx43 Traffics Normally to Cell Surface in RL-N�E
and RL-E�N Cells
We next explored the molecular basis of attenuation of GJ
assembly and intracellular accumulation of Cx43 in RL-N�E

cells. Attenuation of GJ assembly and/or intracellular accu-
mulation of Cx43 could be caused either by its impaired
trafficking or by its endocytosis before GJ assembly upon
arrival at the cell surface or by the endocytosis of minuscule
GJs that remain very small. We used cell surface biotinyla-
tion to examine whether Cx43 trafficked normally to the cell
surface in RL-N�E and RL-E�N cells. Figure 7A shows that
Cx43 was biotinylated significantly in both RL-N�E and
RL-E�N cells. To determine whether cell surface–associated
Cx43 was degraded more rapidly in RL-N�E cells compared
with RL-E�N cells, we determined the kinetics of its degra-
dation after biotinylation. We found that cell surface biotin-
ylated Cx43 degraded with a similar kinetics in both cell
types (Figure 7, B–D). These findings suggest that intracel-
lular accumulation of Cx43 in N-Cad expressing RL-N�E
cells is neither caused by impaired trafficking nor by altered
kinetics of its degradation at the cell surface, but by some
undefined mechanism that interferes with its assembly into
GJs upon arrival at the cell surface resulting in its accumu-
lation in intracellular vesicles or minuscule annular GJs.

Cx43 Is Endocytosed by Nonclathrin-Mediated Pathway
in RL-N�E Cells
In RL-N�E cells, Cx43 trafficked to the cell surface based on
cell surface biotinylation, but failed to form functional GJs;
moreover, a significant proportion of Cx43 remained deter-
gent-insoluble as discrete intracellular puncta as assessed
biochemically and immunocytochemically upon in situ ex-

Figure 6. E-cadherin and N-cadherin have opposite effects on gap junction assembly. Myc-tagged N-Cad and E-Cad were introduced,
respectively, into RL-E�N and RL-N�E cells as described in Materials and Methods. Pooled polyclonal cultures were immunostained for Cx43
(green) and either endogenous cadherin or Myc (red). Note that E-Cad expression (�E-Cad) in RL-N�E cells restores GJ formation (A) and
N-Cad expression (�N-Cad) in RL-E�N cells partially disrupts GJ assembly (B) and induces intracellular accumulation of Cx43. Bar �
20 �m.

Table 2. Effect of E-cadherin and N-cadherin expression on intra-
cellular accumulation of connexin43 in RL-E�N and RL-N�E cells

Exp. # RL-E�N
RL-E�N

�N-Cadherin RL-N�E
RL-N�E

�E-Cadherin

1 5 � 2 14 � 6 24 � 7 10 � 4
2 7 � 3 23 � 7 33 � 9 15 � 5
3 4 � 2 27 � 9 37 � 11 17 � 11

N-cadherin and E-cadherin were introduced, respectively, into RL-
E�N and RL-N�E cells (see Materials and Methods). Pooled poly-
clonal cultures were immunostained for Cx43 and E-cadherin and
N-cadherin. Images were captured using 0.5-�m Z-steps and de-
convolved. After merging all the deconvolved image stacks into a
single plane, the number of intracellular puncta were counted in 10
randomly selected cells. E-cadherin or N-cadherin immunostaining
was used to delineate cell boundaries. The mean number of puncta
per cell � SE was then calculated. Note that N-cadherin expression
in RL-E�N cells increased the number of intracellular puncta,
whereas expression of E-cadherin in RL-N�E cells had the opposite
effect.
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traction with 1% TX-100 (Figures 2–4). This raised the pos-
sibility that N-Cad expression attenuated GJ assembly either

by triggering the endocytosis of connexons into detergent-
insoluble puncta before their assembly into GJs or by trig-
gering endocytosis of nascent, minuscule, and nonfunctional
GJ plaques before their maturation into immunoctyochemi-
cally detectable, larger, and functional plaques (Jordan et al.,
2001; Piehl et al., 2007; Falk et al., 2009). Hence, we investi-
gated whether Cx43 was endocytosed by a clathrin-medi-
ated pathway or a nonclathrin-mediated pathway. We used
chlorpromazine and hypertonic medium, which prevent the
formation of clathrin coated pits, to block the clathrin-me-
diated pathway (Heuser and Anderson, 1989; Wang et al.,
1993), and filipin and methyl-�-cyclodextrin (M�CD), which
impair the structure and function of sphingolipid-cholestrol-
rich membrane microdomains (lipid rafts), to inhibit non-
clathrin-mediated pathway (Subtil et al., 1994; Orlandi and
Fishman, 1998; Skretting et al., 1999). Moreover, the specific-
ity of these drugs in inhibiting each pathway was assessed
by measuring the uptake of Alexa-594– or Alexa-488–la-
beled transferrin and cholera toxin, which are predomi-
nantly endocytosed by clathrin-mediated and nonclathrin-
mediated pathways, respectively (Wang et al., 1993; Subtil et
al., 1994; Orlandi and Fishman, 1998). For these experiments,
RL-E�N and RL-N�E cells were treated with chlorproma-
zine (5 �g/ml), filipin (2.5 �g/ml), and M�CD (5 mM) for
2 h. These concentrations were determined based on several
pilot experiments in which the dose and the duration of
treatment were varied while the internalization of Alexa-
488/594-labeled transferrin and cholera toxin was moni-
tored microscopically. We found that both in RL-E�N and
RL-N�E cells, chloropromazine and hypertonic media in-
hibited the uptake of only Alexa-488/594–labeled trans-
ferrin but did not affect the uptake of Alexa-488/594–labeled
cholera toxin. Similarly, filipin and M�CD inhibited the
uptake of only Alexa-488/594–labeled cholera toxin but did
not affect the uptake of Alexa-488/594–labeled transferin
(data not shown). Consistent with the effect of filipin and
M�CD on the inhibition of uptake of cholera toxin, we found
that they induced GJ assembly profoundly in RL-N�E cells
(Figure 8, bottom row, compare panel 1 with panels 3 and 4)
but had no discernible effect on the assembly in RL-E�N

Figure 7. Cx43 traffics to cell surface in RL-E�N and RL-N�E cells.
Confluent cultures of RL-E�N and RL-N�E cells (A) were biotinylated
with sulfo-NHS-SS-biotin at 4°C, and biotinylated proteins from 100 �g of
total cell lysate were detected by Streptavidin pull down followed by
Western blotting for Cx43, E-Cad, and N-Cad (see Materials and Meth-
ods). In the lanes labeled Input, 10 �g of total protein was used and probed
for Cx43. Note that in both RL-E�N and RL-N�E cells (A; labeled as
Biotinylated), nearly the same amount of Cx43 was detected in the Strepta-
vidin “Pull down” lanes. Note also that E-Cad and N-Cad were pulled
down, respectively, only in RL-E�N cells and RL-N�E cells. A nonbioti-
nylated dish (labeled as Control) was used as a negative control. (B–D).
Cell surface associated Cx43 degrades with similar kinetics in RL-E�N
and RL-N�E cells. Cells were biotinylated at 4°C and were incubated for
various times at 37°C before Streptavidin pull down and Western blotting
as described in Materials and Methods. A nonbiotinylated dish was kept
as a control (�). The blots were quantified after normalization of the input
for each time point, and the values from three independent experiments
were plotted graphically using Sigma plot as described in Materials and
Methods. Note that cell surface associated biotinylated Cx43 degrades
with similar kinetics in both RL-E�N and RL-N�E cells.

Figure 8. Inhibition of nonclathrin-dependent endocytosis restores gap junction assembly in RL-N�E cells. RL-E�N and RL-N�E cells,
seeded on glass cover slips in six-well clusters and allowed to grow to confluence, were treated with chlorpromazine (Chlorprom; 5 �g/ml),
filipin (2.5 �g/ml), or methyl-�-cyclodextrin (M�CD, 5 mM) for 60 min. After washing and fixation, cells were immunostained for Cx43. Note
that treatment with filipin and M�CD restored GJ assembly in RL-N�E cells but had no significant effect on RL-E�N cells. Bar � 20 �m.
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cells (Figure 8, upper row, compare panel 1 with panels 3
and 4). On the other hand, chlorpromazine had no effect on
GJ assembly in RL-N�E cells (Figure 8, bottom row, com-
pare panel 1 and 2) but appeared to decrease the prepon-
derance of intracellular puncta in RL-E�N cells as assessed
visually (Figure 8, top row, compare panels 1 and 2). A
rigorous quantitative analysis has to be performed to assess
if chloropromazine enhanced GJ assembly in RL-E�N cells.
Similar data were obtained when RL-N�E and RL-E�N cells
were treated with hypertonic medium (data not shown).

To further define the subcellular fate of intracellular
puncta, we immunostained RL-N�E cells with the markers
specific for the endocytic pathway and examined whether
they colocalized with Cx43. These analyses showed that
Cx43 did not detectably colocalize with clathrin, a major
structural component of clathrin-coated vesicles, with the
early endosome marker, EEA-1, and with caveolin-2 (Figure 9)
although some colocalization was observed with caveolin-1
both in the perinuclear region and at the cell surface consis-
tent with what has been reported in earlier studies (Langlois
et al., 2008). Because none of the commercially available
antibodies recognized rat Rab5 and Rab7, we transiently
expressed GFP-tagged, constitutively active, Rab5 and Rab7

in RL-N�E cells and immunostained cells for Cx43 to exam-
ine whether it colocalized with these markers. We found that
Cx43 did not colocalize with Rab5-GFP–positive vesicles,
however some colocalization was observed with Rab7-GFP
positive late endosomes (Figure S-5). Moreover, significant
colocalization of Cx43 was observed with Lamp-1 (Figure
S-5, bottom row), which is localized on lysosomes (Rohrer et
al., 1996). Taken together, the above data suggest that in
RL-N�E cells connexons that arrive at the cell surface are
either internalized before their docking and assembly into
GJs or are assembled into minuscule GJs, which are endo-
cytosed by nonclathrin dependent pathway into detergent-
resistant puncta that eventually are targeted to lysosomes
for degradation.

On the Origin of Detergent-Insoluble Intracellular Puncta
in RL-E�N and RL-N�E Cells
In the next series of experiments, we explored the possible
mechanisms by which detergent-resistant intracellular
puncta might be generated. To test whether these puncta
arose from the endocytosis of connexons that failed to dock
with the adjacent connexons or from the formation of mi-
nuscule GJs, which acquired resistance to detergent extrac-

Figure 9. Cx43 does not colocalize with known endocytic markers in RL-N�E cells. RL-N�E cells, seeded as described in Figure 8 legend,
were immunostained for Cx43 (green) and endocytic markers, EEA-1, clathrin, caveolin-1, and caveolin-2 (red). Note that Cx43 does not
colocalize with any of these markers as shown in the enlarged images of the marked boxes on the right. W-Box � white box; R-Box � Red
box. Bar � 20 �m.
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tion, as has been observed during the formation of adherens
junctions (Adams et al., 1996), we examined the subcellular
fate of intracellular puncta in single RL-N�E and RL-E�N
cells 24–36 h after seeding and determined their detergent
solubility upon in situ extraction with 1% TX-100 in 3 inde-

pendent experiments. We rationalized that given the short
half-life of Cx43 (2–5 h), intracellular puncta in single cells
plausibly represent endocytosed undocked connexons that
trafficked to the cell surface or vesicles along the secretory
pathway. We found that in RL-N�E and RL-E�N single

Figure 10. Cx43 is endocytosed into detergent-soluble puncta in RL-N�E and RL-E�N single cells. Between 1- 2 � 103 RL-E�N and RL-N�E
cells were seeded on six-well clusters containing glass cover slips. The subcellular fate of Cx43 was examined in single cells upon in situ
extraction with 1% Triton X-100 at 4°C as described in Materials and Methods. Cells were immunostained for Cx43 (green) and clathrin,
EEA-1 and caveolin-1 (red). Enlarged images marked by the white boxes (W-box) and red boxes (R-box) are shown on the right. Note that
significant colocalization with all the markers is observed in the perinuclear regions in both cell types, while partial localization to a variable
extent is observed in the cell peripheries. All, punctuate and nonpunctate, immunostaining was lost upon detergent extraction (not shown).
Bar � 7 �m.

R. Govindarajan et al.

Molecular Biology of the Cell4100



cells, Cx43 was localized as discrete puncta both at the cell
periphery and in the cytoplasm; moreover, as shown in
representative images in Figure 10, these puncta colocal-
ized with clathrin, EEA-1 and Cav-1 albeit to a variable
extent. The extent of colocalization appeared to be more
robust at the perinuclear region as compared with cell
periphery. However, we found that in contrast to what
was observed in confluent cells, all puncta— both intra-
cellular and at the cell periphery—were lost upon in situ
extraction with 1% TX-100 as assessed immunocytochem-
ically (data not shown).

To rule out the possibility that the detergent-resistant
puncta arose during the transit of Cx43 along the secretory
pathway, we blocked ER to Golgi transport with brefeldin
(Klausner et al., 1992; Chardin and McCormick, 1999) and
cis-Golgi to medial-Golgi transport with monensin (Tartakoff,
1983). For these experiments, confluent RL-N�E and RL-
E�N cells were treated with brefeldin (10 �M) and monesin
(10 �M) for 30 min to 4 h and immunostained for Cx43 and
GM130, a cis-Golgi resident protein (Marra et al., 2007). We
found that in RL-N�E cells, treatment with brefeldin for 1–4
h disrupted Golgi structure but did not diminish the number
of Cx43 puncta discernibly (Figure 11A, compare panels in
the top row with the middle row). Moreover, these puncta
neither colocalized with GM130 (Figure 11A, middle row)
nor with calreticulin, an ER-resident protein (Caramelo and
Parodi, 2008) (data not shown). We also found that treat-
ment of RL-N�E cells with monensin for 2–4 h blocked the
transport of Cx43 in the cis-Golgi, as assessed by its exten-
sive colocalization with GM130 in the perinuclear regions,
but did not appear to diminish the number of intracellular
puncta. Moreover, these puncta still persisted when brefel-
din and monensin treated RL-N�E cells were extracted in
situ with 1% TX-100 although the perinuclear staining spe-
cific for Cx43 and GM130 was lost (data not shown).

Intriguingly, treatment of RL-E�N cells with brefeldin for
1–4 h also fragmented Golgi, but, in contrast to N-Cad
expressing RL-N�E cells, seemed to enhance GJ assembly or
stabilize GJ plaques as assessed visually by the appearance
of larger puncta at areas of cell–cell contact. As has been
observed by others, in untreated RL-E�N cells, Cx43 ap-
peared to colocalize with GM130 near the perinuclear re-
gions (Figure 11B, top row). Also, treatment of RL-E�N cells
with monensin not only caused accumulation of Cx43 in
perinuclear regions, as assessed by its extensive colocaliza-
tion with GM130 but also appeared to increase the number
of intracellular puncta in some cells, which possibly repre-
sent endocytosed or degraded GJs (Figure 11B, compare
panels in to top row with the bottom row). We also found
that when RL-E�N cells were treated with brefeldin and
monensin for more than 4 h GJ assembly was drastically
disrupted, with concomitant increase in the number of in-
tracellular puncta (data not shown). Taken together, the data
shown in Figures 10 and 11, combined with those shown in
Figures 4, 8, and 9, suggest that detergent resistant intracel-
lular puncta in N-Cad expressing RL-N�E cells are likely
generated at the site of cell–cell contact—and not en route
from ER to cell surface via Golgi and trans-Golgi network—
and possibly represent minuscule annular GJs, which be-
come detergent-insoluble and eventually degrade in the ly-
sosomes. The data obtained from single cells suggest that
undocked connexons in both RL-N�E and RL-E�N cells
most likely are endocytosed by both a clathrin-dependent
and nonclathrin-dependent pathway.

Cadherin Expression and Assembly of Cx32 into Gap
Junctions in RL-E�N and RL-N�E Cells
To investigate whether the assembly of other Cxs into GJs
was also regulated differentially by E- and N-Cad, we intro-
duced rat Cx32 into RL-E�N and RL-N�E cells, which do
not express this Cx, by recombinant retroviruses and exam-
ined its subcellular fate in pooled polyclonal cultures within
2–3 passages after selection in G418. We chose Cx32 because
it is expressed only by well-differentiated and polarized cells
(Bavamian et al., 2009). We found that Cx32 was assembled
efficiently into GJs in RL-E�N cells but not in RL-N�E cells
where it remained intracellular as discrete puncta that also
remained detergent-insoluble as assessed immunocyto-
chemically upon in situ extraction with 1% TX-100 (Figure
12A) and biochemically by the detergent insolubility assay
(Figure 12B) similar to what was observed with Cx43. More-
over, we found that both junctional and nonjunctional Cx43
and Cx32 did not appear to colocalize significantly in RL-
E�N and RL-N�E cells. Taken together, these data suggest
that N-Cad expression also prevents the assembly of Cx32
into GJs, possibly by triggering its endocytosis into deter-
gent-insoluble puncta.

Cadherin Expression and Gap Junction Assembly in
Mouse Mammary Tumor Cell Line
To assess the relevance of our findings in RL-CL9 cells
further, we examined whether E-Cad and N-Cad expression
also regulated the assembly of Cx43 into GJs differentially in
other cell culture model systems, such as in the mouse
mammary epithelial cell line (NMuMG), which has been
widely used to study EMT (Maeda et al., 2005). These cells
express E-Cad and N-Cad and undergo EMT in response to
transforming growth factor � (Maeda et al., 2005). We found
that in parental NMuMG cells that expressed nearly equal
levels of both E-Cad and N-Cad, Cx43 was localized both at
areas of cell–cell contact and in the cytosol (Figure S-6, top
row). In a subclone of NMuMG that expressed a higher level
of E-Cad compared with N-Cad (clone E9), Cx43 was pre-
dominantly assembled into GJs (Figure S-6, middle row),
whereas in a clone that expressed only N-Cad and undetect-
able levels of E-Cad (clone 11), Cx43 remained intracellular
just like in RL-N�E cells (Figure S-6, bottom row). These
data suggest that the expression of N-Cad also disrupts the
assembly of Cx43 into GJs in NMuMG cells.

DISCUSSION

Our findings demonstrate that E-Cad and N-Cad have dis-
tinct effects on the assembly of Cx43 into GJs in isogenic
subclones of RL-CL9 cells that express either one or the other
cadherin. A key conclusion of our study is that Cx43 under-
goes a profoundly different subcellular fate dependent on
the type of cadherin expressed. When only E-Cad is ex-
pressed, Cx43 is preponderantly assembled into large GJs
and when only N-Cad is expressed, Cx43 is endocytosed by
a nonclathrin-mediated pathway before its assembly into
functional GJs. Moreover, when both cadherins are simulta-
neously expressed in the same cell type, GJ assembly and
disassembly seemed to occur concurrently. This conclusion
is based on the screening of 60–92 isogenic E-Cad and
N-Cad expressing clones and performing a systematic anal-
ysis of junctional and nonjunctional fate of Cx43 in selected
clones. This analysis showed that intracellular localization of
Cx43 as discrete vesicular puncta always coincided with the
cell surface expression of N-Cad, whereas junctional local-
ization coincided with the cell surface expression of E-Cad.
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Figure 11. Detergent-resistant intracellular puncta are not generated along the secretory pathway in RL-N�E cells. RL-N�E (A) and RL-E�N
(B) cells were seeded in 6-cm Petri dishes and allowed to attain confluence. Cells were treated with brefeldin or monensin (10 �M) for 2 h
and immunostained for Cx43 and GM130, a cis-Golgi resident protein (see Materials and Methods). Enlarged images marked by the white
boxes are shown on the right. Note that both in RL-N�E cells (A) and RL-E�N cells (B), brefeldin disrupted the Golgi. Note also that brefeldin
did not decrease the number of Cx43 puncta in RL-N�E (A) cells but seemed to have stabilized or increase GJ plaques in RL-E�N cells (B).
Note a significant colocalization of Cx43 with GM130 due to the blockade of intraGolgi transport by monensin. Note also that monensin did
not decrease the number of Cx43 puncta in RL-N�E cells. Bar � 8 �m.
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Thus, through the dissection of the relative contributions of
E-Cad and N-Cad, we have discovered a distinct role of each
cadherin in regulating the assembly of Cx43 into GJs in
RL-CL9 cells. Our studies show that GJ assembly and dis-
assembly are the down-stream targets of the signaling initi-
ated by E-Cad and N-Cad, respectively, and may provide
one possible explanation for the disparate role played by
these cadherins in regulating cell motility and invasion dur-
ing tumor progression and EMT.

Our biotinylation data showed that intracellular accumu-
lation of Cx43 was not caused by impaired trafficking be-
cause Cx43 trafficked normally to the cell surface and was
degraded with similar kinetics in both RL-E�N and RL-N�E
cells (Figure 7). However, GJ assembly was attenuated only
in cells that expressed N-Cad and was recuperated only in
those cells in which the expression of N-Cad was knocked
down (Figure 5). Moreover, our biochemical and immuno-
cytochemical data showed that a significant proportion of

Cx43 remained detergent-insoluble both in RL-E�N and
RL-N�E cells despite the fact that no functional GJs were
assembled in the latter (Figures 3 and 4). These findings
were intriguing because acquisition of detergent insolubility
had been generally attributed to the incorporation of Cxs
into GJs—and not to their intracellular and nonjunctional
localization (VanSlyke and Musil, 2000; Musil, 2009). On the
basis of these findings, we rationalized that the detergent-
resistant intracellular vesicular puncta in N-Cad expressing
RL-N�E cells arose because of endocytosis of Cx43 in a
nonclathrin-dependent manner. This notion was corrobo-
rated by our subsequent data, which showed that inhibition
of clathrin-independent endocytosis by filipin and M�CD,
which disrupt lipid rafts and endocytosis mediated by them,
not only caused the disappearance of these intracellular
puncta but also restored GJ formation robustly in N-Cad
expressing RL-N�E cells, confirming the requirement for the
productive endocytosis in the generation of detergent-resis-

Figure 12. Differential assembly of Cx32 in RL-E�N and RL-N�E cells. (A) RL-E�N and RL-N�E cells were infected with recombinant retrovirus
harboring rat Cx32 and pooled polyclonal cultures were immunostained for Cx43 and Cx32 after in situ extraction with 1% TX-100. Note that both
Cxs assemble into GJs in RL-E�N cells but remain intracellular in RL-N�E cells. (B) Cell lysates prepared from pooled polyclonal cultures were
analyzed by the detergent-solubility assay. Total (T), TX-100-soluble (S), and TX–insoluble (I) fractions were analyzed by Western blot analysis as
described in Materials and Methods. The blots were stripped and reprobed with anti–�-actin antibody to verify equal loading. Note that both Cx43
and Cx32 are detected in detergent-soluble and detergent-insoluble fractions in both cell types. Bar � 20 �m.
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tant vesicular puncta and its inhibition for the formation of
GJs. The lack of colocalization of these detergent-resistant
intracellular Cx43 containing vesicular puncta with EEA-1,
Rab5, caveolin-1, caveolin-2 suggests that Cx43 in RL-N�E
cells is endocytosed in a Rab5-independent manner into
Rab5-negative vesicles that mature into Rab7-positive late
endosomes, which are then targeted to the lysosomes for
degradation (Figures 9 and S-5).

Because the kinetics of degradation of cell-surface associ-
ated Cx43 was not appreciably different in RL-E�N and
RL-N�E cells (Figure 7), we rationalized that the detergent-
resistant intracellular puncta in the latter arose at areas of
cell–cell contact upon arrival of Cx43 (connexons) at the cell
surface—and not en route to the cell surface along the se-
cretory pathway. The lack of colocalization of these deter-
gent-resistant intracellular Cx43 containing vesicles with
conventional early endocytic markers further raised the pos-
sibility that the puncta did not arise by a canonical endocytic
route and thus might be minuscule annular GJs which were
endocytosed before maturing into larger functional GJ
plaques and which incidentally became detergent-insoluble.
Minuscule annular GJs of �0.5 �m have been observed in
earlier studies (Jordan et al., 2001; Baker et al., 2008) and
smaller GJ plaques have also been found to be extremely
unstable (Holm et al., 1999; Jordan et al., 1999). The notion
that detergent-resistant intracellular vesicular puncta arose
at cell–cell contacts was substantiated by our experimental
data with single cells, which showed that Cx43 puncta, both
intracellular as well as at the cell peripheries, colocalized
with clathrin, EEA-1, and Cav-1 and remained detergent
soluble (Figure 10 and data not shown). Moreover, inhibi-
tion of ER to Golgi transport with brefeldin and inhibition of
Golgi to cell surface transport with monensin had no dis-
cernible effect on the number of intracellular puncta in RL-
N�E cells (Figure 11A), which suggests that the intracellular
puncta are not generated along the secretory pathway due to
impaired trafficking but arise at sites of cell–cell contact
upon arrival of Cx43 at the cell surface. TX-100 insoluble
immunofluorescent E-Cad puncta, barely resolvable by stan-
dard microscopy, have been observed during the early
stages of adherens junction formation at sites of cell–cell
contact before they coalesce to form larger plaques (Yone-
mura et al., 1995; Adams et al., 1996). Although it is at present
unclear at what stage of maturation a GJ plaque becomes
detergent-insoluble, and in general what is the molecular
basis of acquisition of detergent-insolubility by macromolec-
ular complexes, it seems likely that the expression of N-Cad
triggers the formation of these detergent-resistant intracel-
lular puncta in RL-N�E by preventing the coalescence of
minuscule GJs, and triggering their endocytosis by a non-
clathrin-dependent pathway before they form large GJs.

E-Cad is predominantly expressed in epithelial cells
whereas N-Cad is expressed in neuronal and mesenchymal
cells (Tepass et al., 2000; Gumbiner, 2005), and both cad-
herins have been shown to facilitate the assembly of Cx43
into GJs (Wei et al., 2005; Li et al., 2008; Chakraborty et al.,
2010). It is of note that N-Cad is the main cadherin expressed
in cardiac myocytes where it is required for the assembly of
Cx43 into GJs (Li et al., 2005; Li et al., 2008). Although
cell–cell adhesion mediated by cadherins has been shown to
control the assembly of several junctional complexes, includ-
ing GJs, it is as yet unknown how they signal (Gumbiner,
2005; Nelson, 2008; Wheelock et al., 2008; Sepniak et al.,
2009). As assessed by cell–cell aggregation assays, our re-
sults showed that cell–cell adhesion mediated by both E-
Cad and N-Cad remained intact in RL-E�N and RL-N�E
cells (Table S-2). Thus, attenuation of junction formation in

N-Cad expressing cells was not the result of absent cell–cell
adhesion, although our data do not exclude the possibility
that the distinct effects were caused by the quantitative and
qualitative difference in the strength of cell–cell adhesion
mediated by these cadherins. Our data also showed that GJ
assembly was partially restored in N-Cad expressing RL-
N�E cells upon expression of E-Cad and was partially dis-
rupted upon expression of N-Cad in E-Cad expressing RL-
E�N cells. Thus, when both cadherins were expressed
simultaneously in the same cell, both assembly and disas-
sembly seemed to occur concurrently.

What might be the possible molecular explanation for the
diametrically opposite effects of E-Cad and N-Cad on the
assembly of Cx43 into GJs in these cells? One plausible
explanation for these data is that engagement of E-Cad and
N-Cad triggers distinct signaling pathways, or recruits a
distinct set of proteins to sites of cell–cell contact, or both,
which affect GJ assembly differently. N-Cad, which is nor-
mally expressed in mesenchymal cells, has been shown to
facilitate or enhance fibroblast growth factor receptor medi-
ated signaling by preventing ligand-induced internalization
of the receptor and through activation of sustained MAPK-
ERK signaling cascade when expressed in tumor cells of
epithelial origin (Hazan et al., 2000; Suyama et al., 2002; Hulit
et al., 2007). Similarly, E-Cad has also been shown to interact
or associate with receptors for fibroblast growth factor and
epidermal growth factor, leading to the attenuation of sig-
naling as well as to modulation of MAPK-ERK signaling
cascade (Pece et al., 1999; Pece and Gutkind, 2000; Perrais et
al., 2007). Thus, E-Cad and N-Cad engagement may have
several distinct downstream molecular targets that might
facilitate or attenuate GJ assembly differently independent of
cell–cell adhesion and dependent upon the signaling path-
way initiated upon expression. As Cx43 has been shown to
be endocytosed in response to growth factors, such as epi-
dermal growth factor, this may be one possible explanation
for the disparate effect of E-Cad and N-Cad on GJ assembly
in RL-E�N and RL-N�E cells. Further studies using the
constitutively active mutants of epidermal growth factor
receptor as well as knock down studies with fibroblast
growth factor receptors will be required to substantiate this
notion.

As GJ assembly and disassembly occurred concurrently
when both cadherins were simultaneously expressed in the
same cell type, it is also possible that the assembly of Cx43
is independently regulated by E-Cad and N-Cad, locally,
through recruitment of separate sets of proteins to the site of
cell–cell contact or through their segregation into distinct
membrane microdomains, which determines junctional ver-
sus nonjunctional fate of Cx43 upon arrival at the cell sur-
face. This explanation is in accord with the findings that Cxs
lie in the vicinity of cadherins and their associated proteins
�- and �-catenins during GJ assembly and disassembly and
may also associate with them transiently either directly or
indirectly (Fujimoto et al., 1997; Wei et al., 2005; Xu et al.,
2006). In mesenchyme-derived NIH3T3 cells, which express
N-Cad, interaction between Cx43 and N-Cad was required
for GJ assembly and turnover at the cell surface (Wei et al.,
2005). Moreover, when coexpressed in the same cells, E-Cad
and N-Cad are likely to exist in separate complexes as their
interaction is not heterophilic (Tepass et al., 2000; Gumbiner,
2005). Furthermore, N-Cad and Cxs have been found to be
concentrated in lipid rafts and interaction between N-Cad
and p120 catenin, which also interacts with Cx43 (Wei et al.,
2005), occurs in cholesterol-rich environment (Locke et al.,
2005; Taulet et al., 2009). Finally, it is also possible that the
expression of N-Cad could squelch away components which
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otherwise would have been used by E-Cad to form mature
adherens junctions to facilitate assembly. Because knock-
down of N-Cad in RL-N�E cells, which lack detectable level
of E-Cad, restored GJ assembly, it is likely that other mech-
anisms, which are not mediated by these classical cadherins,
or are induced upon knock down of cadherins, exist to
restore and regulate the assembly of GJs. One possible mech-
anism is that cell–cell adhesion generated by the docking of
connexons by themselves is sufficient to induce assembly in
the absence of classical cadherins and it is utilized only
when no other mechanism is active. This notion is corrobo-
rated by our recent studies, which showed that the assembly
of Cx43 was induced in the absence of E-Cad mediated
cell–cell adhesion in cadherin null human squamous carci-
noma cells (Chakraborty et al., 2010) and by other studies in
which expression of Cx43 induced cell–cell adhesion of its
own (Lin et al., 2002; Cotrina et al., 2009).

While the molecular mechanism(s) by which E-Cad and
N-Cad affect the assembly of Cx43 into GJs in an opposite
manner remains to be elucidated, regulation of endocytosis
of minuscule GJ puncta at the areas of cell–cell contact
before they mature into larger plaques seems to be the
determining factor that dictates the assembly of GJs in RL-
CL9 cells. Alternatively, because raft component proteins
are expected to have decreased lateral mobility (Lingwood
and Simons, 2010), attenuation of junction assembly may
result from the decreased lateral mobility of docked connex-
ons due to their entrapment in lipid rafts. This notion is in
agreement with our data, which showed that the stability of
cell-surface associated Cx43 remained unaffected, although
it remains to be seen whether the surface residence time of
connexons was also significantly reduced, which either pre-
vented their recruitment to nascent minuscule GJ plaques or
permitted their endocytosis before docking in N-Cad ex-
pressing RL-N�E cells compared with E-Cad expressing
RL-E�N cells. Because the assembly of Cx32 into GJs was
also regulated in diametrically opposed ways in RL-E�N
and RL-N�E cells, it appears that the effect of N-Cad expres-
sion on junction assembly is not Cx specific. Hence, expres-
sion of N-Cad in epithelial cells, which normally do not
express it, creates a milieu at the areas of cell–cell contact
that is nonconducive for the assembly of larger GJ plaques.
Moreover, the findings that the assembly of Cx43 into GJs
appeared to be similarly affected in the mouse mammary
epithelial cell line, NuMuG, which is widely used for study-
ing EMT (Maeda et al., 2005), suggests that the differential
effect of E-Cad and N-Cad in regulating GJ assembly and
disassembly may be a general feature of tumor epithelial
cells that express both cadherins.

What might be the physiological significance of these
findings? E-Cad and N-Cad have been shown to play oppo-
site role in controlling cell migration, motility, and invasion
of tumor cells in vitro and in vivo (Cavallaro and Christo-
fori, 2004; Thiery et al., 2009). Also, a switch in N-Cad
expression with or without concomitant loss of E-Cad ex-
pression—commonly referred to as cadherin switching—is
often observed in cells during EMT and during the progres-
sion of carcinomas from an indolent state to a more invasive
state (Wheelock et al., 2008). N-Cad has been found to be at
the invasive front of several tumors (Cavallaro and Christo-
fori, 2004) and the expression of Cx43 in some tumor cell
lines has also been associated with the acquisition of inva-
sive potential (Olk et al., 2009). Recent studies showed that
knock down of Cx43 disrupted cell–cell adhesion, reduced
cell polarity and focal adhesion plaques, but increased speed
of migration and cell protrusive activity in cells derived
from epicardium and in neural crest cells that express N-

Cad (Xu et al., 2006; Rhee et al., 2009). Disruption of several
junctional complexes is a hallmark of tumor progression and
invasion as well as of EMT(Mosesson et al., 2008; Thiery et
al., 2009). Tumor cells have now been shown to migrate and
invade both as single cells and collectively (Friedl and Gil-
mour, 2009). Moreover, endocytosis has emerged as an im-
portant process that orchestrates cell motility and migration
by regulating the spatial distribution of signaling molecules,
such as cell surface receptors and their downstream effectors
(Lanzetti and Di Fiore, 2008; Sorkin and von Zastrow, 2009).
In the light of these studies, it is tempting to speculate that
bidirectional signaling between Cxs and cadherins in normal
and tumor cells is fine-tuned to control the assembly of GJs
as well as other junctional complexes to modulate the po-
larized and differentiated state and to modulate cell motility
and invasion under normal and pathological states.
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Supplementary Figure Legends 

 

Figure S-1. Serial propagation of RL-CL9 cells and the expression of Cx43, E-cadherin and N-cadherin.  

A. RL-CL9 cells were passaged serially for 6-8 months and imaged at passage 3 (early), 14 (middle) and 28 

(late).  Note the typical epithelial appearance of early passage cells and appearance of cells that have begun 

to lose this morphology, marked by red arrows, with serial passage. B. RL-CL9 cells at passage 22 were 

immunostained for N-Cad (red) and Cx43 (green).  Note intracellular localization of Cx43 only in cells that 

express N-Cad (delineated by dotted line) and junctional localization in cells that lack N-Cad. C. RL-CL9 cells 

at passage 14 were immunostained for Cx43 (red) and E-Cad (green).  Note the appearance of cells in which 

Cx43 is intracellular despite the expression of E-Cad (arrows).  

Figure S-2.  Localization and expression of E-cadherin, N-cadherin, vimentin and actin in RL-CL9 cells 

at early and late passages. RL-CL9 cells were passaged serially and immunostained at passage 7 (Early) 

and 25 (Late) for E-Cad and N-Cad (A), for vimentin and actin (B).  Note the emergence of cells that express 

N-Cad (red) heterogeneously.  Note also that some E-Cad shows increased localization at intracellular sites in 

late passage cells.  Note also the increases in the expression level and the altered patterns of localization of 

vimentin and actin in early versus late passage cells. C.  Western blot analysis of expression of E-Cad, N-Cad, 

vimentin and actin in early and late passage cells. Two lanes represent cell lysates independently obtained 

from early and late passage RL-CL9 cells. Note that the expression level of E-Cad and actin remains 

unchanged whereas that of N-Cad and vimentin increases.  

Figure S-3.  Directional migration of RL-N∆E and RL-E∆N cells.  RL-E∆N and RL-N∆E cells were seeded 

in LabTek two well chamber slides and allowed to grow to confluence.  Confluent monolayers of cells were 

wounded and cells imaged as described in “Materials and Methods”. Both cell types were imaged in parallel 

(see Materials and Methods).  Shown are the live cell images of the corresponding time points that were 

converted to TIFF files. The numbers refer to time in hours and represent the corresponding captured frames.  

Note that the scratches in the RL-N∆E cultures were filled earlier compared to RL-E∆N cultures.  The wounds 

were filled within 14 ± 2 h in RL-N∆E cells whereas 22 ± 2 h were required to fill the wounds in RL-E∆N cells 
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(n=3).  The meant (± SE) rate of migration in RL-N∆E cells was significantly faster than that of RL-E∆N cells 

(P=0.04).   A two tailed Student’s t test was used to calculate P value assuming unequal variance.  

Figure S-4.  Expression level and localization of myc-tagged E-cadherin and N-cadherin in RL-E∆N and 

RL-N∆E cells upon retroviral infection.  Myc tagged N-Cad and E-Cad were introduced, respectively, into 

RL-E∆N and RL-N∆E cells as described in Materials and Methods. Pooled polyclonal cultures were 

immunostained with antibody against Myc for detecting E-Cad in RL-N∆E cells (A) and N-Cad in RL-E∆N cells 

(B).  Note that myc tagged E-Cad and N-Cad are expressed robustly at the area of cell-cell contact. C.D.  

Western blot analysis of E-Cad and N-Cad expression in RL-N∆E and RL-E∆N cells after retroviral infection.  

Note robust expression of E-Cad in RL-N∆E cells and N-Cad in RL-E∆N cells upon retroviral transduction of 

myc-tagged cadherins as detected by anti-myc antibody. 

Figure S-5.  Cx43 co-localizes with Rab7 and Lamp-1 but not with Rab5 in RL-N∆E cells.  RL-N∆E cells 

were seeded on glass cover slips at a density of 3 x105 cells in six well clusters and transfected with Rab5-

GFP (Q-L) and Rab7-GFP (Q-L) after 16 h.  Cells were fixed after 36 h and immunostained for Cx43 (red, rows 

1 and 2) and for Cx43 and Lamp-1 (Bottom row).  Note that Cx43 co-localizes partially with Rab7 and 

extensively with Lamp-1 in as shown in the enlarged images of the marked boxes on the right.   

Figure S-6.  Expression of E-cadherin and N-cadherin and the junctional and non-junctional fate of 

Cx43 in NMuMG rat mammary cells.  Localization of E-Cad, N-Cad and Cx43 was examined in NMuMG cells 

that express both E-Cad and N-Cad (top row, NMuMG), in NMuMG derived subclone, Clone E9, that 

expresses nearly equal levels of both E-Cad and N-Cad (middle row), and in NMuMG derived subclone, Clone 

E11, that expresses high level of N-Cad and no detectable level of E-Cad (bottom row).  Note that in parental 

NMuMG cells, cells that express high levels of E-Cad assemble GJs. Note also that in Clone E9 cells, both 

junctional and non-junctional localization of Cx43 is observed whereas in Clone E11, Cx43 remains 

intracellular and is not assembled into GJs.  
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Table S-1.  Expression of E-cadherin and N-cadherin in isogenic clones derived from early and late passage 

RL-CL9 cells and the junctional and non-junctional localization of Cx43. 

 RL-EARLY RL-LATE 

Number of clones 92 63 

E-Cadherin +ve (% +ve)a 30/43 (70) 5/30  (17) 

N-Cadherin +ve  (% +ve)a 14/49 (30) 20/33 (79) 

Junctional(Intercellular) Cx43 (% +ve)a 56/92 (61) 16/63 (25) 

Non-junctional (Intracellular) Cx43 (% +ve)a 0/92 (0) 32/63 (51) 

Junctional and Non-junctional Cx43 (% +ve)a 36/92  (32) 15/63 (24) 

 
 
One hundred RL-CL9 cells at passage 4 and 30 were seeded in replicate 10 cm dishes in 10 ml complete 
medium and allowed to grow into colonies for 3-4 weeks.  Individual clones were picked using glass cylinders, 
expanded and frozen.  Each clone was examined for the expression of E-Cad and N-Cad and for the junctional 
versus non-junctional localization of Cx43 by immunocytochemical analysis as described in Materials and 
Methods. a = Number of positive clones versus total number of clones analyzed. In parenthesis = % of positive 
clones. 
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Table S-2 Cell-cell adhesion remains intact in RL-EΔN and RL-NΔE cells.  
 
 

Cell Line 
 

Exp # 
 

Mean Area (SE) 
 

# Aggregates 
 

RL-EΔN 
 
 

 
1 
 
2 

 
1775 " 322 

 
1910 " 378 

 
40 
 

32 
 

 
RL-NΔE 

 
1 
 
2 

 
1940 " 415 

 
2165 " 445 

 
39 
 

33 
 
 

 
 

 
 

 
 

 
Five thousand cells, suspended in a 20 Fl of complete medium and placed on the lids of petri 

dishes, were allowed to aggregate as described in Materials and Methods.  The size of aggregates from 
four random snapshots obtained from two independent experiments was measured and the average 
aggregate size was calculated and plotted as described (see Methods).  As assessed visually, 
aggregates formed of RL-E∆N cells appeared to be more compact and regular compared to RL-N∆E 
cells. The differences in the mean sizes of the aggregates among RL-EΔN and RL-NΔE cells were not 
statistically significant (P  $ 0.8).   
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Retinoids Regulate the Formation and Degradation of
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Abstract

The retinoids, the natural or synthetic derivatives of Vitamin A (retinol), are essential for the normal development of prostate
and have been shown to modulate prostate cancer progression in vivo as well as to modulate growth of several prostate
cancer cell lines. 9-cis-retinoic acid and all-trans-retinoic acid are the two most important metabolites of retinol. Gap
junctions, formed of proteins called connexins, are ensembles of intercellular channels that permit the exchange of small
growth regulatory molecules between adjoining cells. Gap junctional communication is instrumental in the control of cell
growth. We examined the effect of 9-cis-retinoic acid and all-trans retinoic acid on the formation and degradation of gap
junctions as well as on junctional communication in an androgen-responsive prostate cancer cell line, LNCaP, which
expressed retrovirally introduced connexin32, a connexin expressed by the luminal cells and well-differentiated cells of
prostate tumors. Our results showed that 9-cis-retinoic acid and all-trans retinoic acid enhanced the assembly of connexin32
into gap junctions. Our results further showed that 9-cis-retinoic acid and all-trans-retinoic acid prevented androgen-
regulated degradation of gap junctions, post-translationally, independent of androgen receptor mediated signaling. Finally,
our findings showed that formation of gap junctions sensitized connexin32-expressing LNCaP cells to the growth modifying
effects of 9-cis-retinoic acid, all-trans-retinoic acid and androgens. Thus, the effects of retinoids and androgens on growth
and the formation and degradation of gap junctions and their function might be related to their ability to modulate
prostate growth and cancer.

Citation: Kelsey L, Katoch P, Johnson KE, Batra SK, Mehta PP (2012) Retinoids Regulate the Formation and Degradation of Gap Junctions in Androgen-Responsive
Human Prostate Cancer Cells. PLoS ONE 7(4): e32846. doi:10.1371/journal.pone.0032846

Editor: Natasha Kyprianou, University of Kentucky College of Medicine, United States of America

Received October 19, 2011; Accepted January 31, 2012; Published April 13, 2012

Copyright: � 2012 Kelsey et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This research was supported by NIH CA113903, DOD PCRP (Department of Defense Prostate Cancer Research Program) 081198, and Nebraska State
Grant LB506 (PPM). We gratefully acknowledge support from the Nebraska Center for Cellular Signaling and NCI training fellowship to Kristen Johnson. The
funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: pmehta@unmc.edu

Introduction

Retinoids, the natural or synthetic derivatives of vitamin A,

regulate not only embryonic development but also organogenesis

in adult tissues [1]. A requirement for vitamin A for proliferation,

differentiation has been demonstrated in many studies in which a

deficiency of this vitamin resulted in multiple developmental

defects [1–3]. All trans-retinoic acid (ATRA) and 9-Cis-Retinoic

Acid (9-CRA) are the two most important metabolites of vitamin A

(retinol) with diverse physiological functions [1]. Retinoids are

members of the nuclear-receptor superfamily of transcription

factors and exert their pleiotropic effects by regulating the

expression of several target genes [3–5]. There are six retinoid

receptors, namely RAR a, b, c, which bind to ATRA and 9-CRA,

and RXR a, b, c, which bind only to 9-CRA. Retinoid initiated

signaling regulates several homeostatic control mechanisms during

embryonic development and in adult tissues and one such control

mechanism likely to be regulated is the direct cell-cell communi-

cation mediated by a special class of cell junctions called gap

junctions (GJs) [6–8]. Gap junctions are ensembles of intercellular

channels that signal by permitting the direct exchange of small

molecules (#1500 Da) between contiguous cells. The constituent

proteins of GJs, called connexins (Cxs), are coded by 21 genes,

which have been designated according to their molecular mass [9].

Cell-cell channels are bicellular structures formed by the collabo-

rative effort of two cells. To form a GJ cell-cell channel, Cxs first

oligomerize as hexamers, called connexons, which dock with the

connexons displayed on contiguous cells [10]. Multiple lines of

evidence lends credence to the notion that gap junctional

communication is an important homeostatic control mechanism

for regulating cell growth and differentiation. For example, impaired

Cx expression, or loss of function, has been implicated in the

pathogenesis of several types of cancers, and mutations in several Cx

genes have been detected in genetic disorders characterized by

aberrant cellular proliferation and differentiation [8,10–12]

Our previous studies showed that prostate luminal cells

expressed Cx32 and its expression coincided with the acquisition

of the differentiated state of these cells [13,14]. We showed that

progression of prostate cancer (PCA) from an androgen-dependent

state to an invasive, androgen-independent state was characterized

by the failure of Cx32 to assemble into GJs [14,15]. We have

further shown that reintroduction of Cx32 into androgen-

responsive human PCA cell line, LNCaP, retards cell growth in

vivo and in vitro [14,16]. Subsequently, we demonstrated that

androgens regulated the formation and degradation of GJs by

altering the expression level of Cx32, posttranslationally. In the
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absence of androgens, a major fraction of Cx32 was degraded by

endoplasmic reticulum associated degradation (ERAD) whereas in

their presence this fraction was rescued from degradation [17].

The significance of these findings is underscored by the fact that

androgens play a major role in the survival and maintenance of the

secretory (differentiation-related) function of luminal epithelial cells

of normal prostate as well as of tumor cells as androgen ablation

induces apoptosis or dedifferentiation of these cells [18,19]

Like androgens, retinoids are also essential for the normal

development of the prostate and modulate PCA progression in

certain mouse models as well as suppress the growth of androgen-

dependent and -independent human PCA cell lines. Squamous

metaplasia of the prostate was observed among the offsprings of

vitamin A-deficient [20] and RARc knock out mice [21].

Moreover, tissue-specific inactivation of RARa in prostate resulted

in multi-focal intraepithelial hyperplasia [22]. Epidemiological

studies have shown that decreased vitamin A serum levels increase

PCA incidence and progression, and that restoration of retinoid

levels might have a role in the reversal of the malignant phenotype

[23,24]. Several studies, including ours, have shown that the

ability of retinoids to suppress tumor cell growth and induce

differentiation is contingent upon their ability to enhance gap

junctional communication [25–28]. Because Cx32 is expressed by

luminal epithelial cells of normal prostate where it is assembled

into GJs and by epithelial cells of prostate tumors in which it is

inefficiently assembled into GJs [13–15] and because formation of

GJs has been implicated in maintaining the polarized and

differentiated state of epithelial cells [29], we reasoned that

chemopreventive, growth inhibitory and pro-differentiating effects

of 9-CRA and ATRA might result from their ability to control

formation and degradation of GJs. Therefore, we investigated

whether the formation and degradation of GJs composed of Cx32

were regulated by 9-CRA and ATRA in human PCA cells.

Because retinoids have been shown to increase the expression of

androgen receptor (AR) in androgen-responsive human PCA cell

lines [30], we rationalized that they might modulate androgen-

regulated formation and degradation of GJs and affect growth of

androgen-responsive PCA cells that express Cx32. By using

androgen-responsive LNCaP cells, which express retrovirally

introduced Cx32 whose degradation is androgen-regulated [17],

we show that 9-CRA and ATRA, like androgens, enhance the

expression of Cx32 and its subsequent assembly into GJs.

Moreover, we further show here that in this cell culture model,

ATRA and 9-CRA prevent androgen-regulated degradation of

GJs, independent of AR mediated signaling. Finally, our findings

show that expression of Cx32 and formation of GJs sensitizes these

cells to growth modifying effects of 9-CRA, ATRA and androgens.

Materials and Methods

Cell Culture
Androgen-responsive LNCaP cells were a gift from Dr. Lin

[31]. One of the several clones of LNCaP cells expressing

retrovirally transduced rat Cx32, hereafter referred to as LNCaP-

32 cells, and one of the several control clones selected in G418

after infection with control retrovirus, hereafter referred to as

LNCaP-N cells, were isolated as described [17] and were used in

the present study along with the parental LNCaP cells, hereafter

referred to as LNCaP-P cells. LNCaP-P cells were grown in RPMI

containing 5% fetal bovine serum in an atmosphere of 5% CO2/

95% air and stock cultures were maintained weekly as previously

described. LNCaP-N and LNCaP-32 cells were maintained in

RPMI containing 5% fetal bovine serum and G418 at 200 mg/ml

as describe [17]. During the course of these studies, we used two

separate lots of fetal bovine sera obtained from Sigma and

HyClone Laboratories, with nearly similar effect on the growth of

LNCaP cells. Steroid-depleted (charcoal-stripped) serum was

obtained from HyClone Laboratories (Salt Lake City, UT). We

also used phenol red free RPMI for experiments in which

charcoal-stripped serum was used [17].

Antibodies and Immunostaining
Hybridoma M12.13 (a gift from Dr. Dan Goodenough,

Harvard University) has been described earlier [14,16,17,32,33].

Mouse anti-occludin (clone OC-3F10) was from Zymed labora-

tories Inc. (South San Francisco, CA). Rabbit anti-a-catenin,

rabbit anti-b-catenin, rabbit anti-Cx32, and mouse anti-b-actin

(clone C-15) were from Sigma (St. Louis, MO). Mouse anti-E-

cadherin, mouse anti-a-catenin, mouse anti-b-catenin antibodies

were generously provided by Drs. Johnson and Wheelock (Eppley

Institute) and have been described [17,32,33]. A rabbit polyclonal

anti-AR receptor antibody was from Santa Cruz Biotech (sc-

13062, San Diego, CA). Cells were immunostained after fixing

with 2% para-formaldehyde for 15 min as described previously

[17,32,33]. Briefly, cells (1.56105), seeded in six well clusters

containing glass cover slips and allowed to grow to approximately

50–70% confluence, were immunostained at room temperature

with various antibodies at appropriately calibrated dilutions.

Secondary antibodies (rabbit or mouse) conjugated with Alexa

488 and Alexa 594 were used as appropriate. Images of

immunostained cells were acquired with Leica DMRIE micro-

scope (Leica Microsystems, Wetzler, Germany) equipped with

Hamamatsu ORCA-ER CCD camera (Hamamatsu-City, Japan).

For co-localization studies, serial z-sections (0.5 mm) were collected

and analyzed using image processing software (Volocity; Improvi-

sion, Inc; Perkin Elmer).

Stock Solutions
Stock solutions of various reagents were prepared as follows: 9-

CRA and ATRA (BIOMOL, Plymouth, PA) were prepared in

ethanol at 3 mM each and stored in aliquots at 280uC protected

from light. All experiments pertaining to 9-CRA and ATRA were

performed in yellow light as described [26,27]. Stock solutions of a

synthetic androgen, mibolerone (MB), (BIOMOL), and of a

natural androgen, dihydro-testosterone (DHT), were prepared at

1 mM in ethanol and stored at 220uC in small aliquots protected

from light. They were appropriately diluted with the medium at

the time of treatment.

Androgen Depletion and Other Treatments
Cells were seeded in six well clusters containing glass cover slips

(1.56105 cells per well) and in 6-cm (26105 cells per dish) or in10-

cm dishes (3.56105 cells per dish) in 2, 4 and 10 ml complete

culture medium, respectively. Cells were treated when approxi-

mately 50% confluent, by replenishing with fresh medium

containing various reagents at the desired concentration added

from stock solutions so that the final concentration of the solvent

did not exceed 0.3%. To grow cells under androgen-depleted

medium, normal cell culture medium was replaced with androgen-

depleted cell culture medium (phenol red-free RPMI containing

5% charcoal-stripped serum). The controls received fresh medium

containing normal serum.

Western Blot Analysis and Detergent Solubility of
Connexin32

Cell lysis, detergent solubility assay with 1% Triton X-100 (TX-

100) and the expression level of Cx32 were analyzed by Western

Retinoids and Gap Junction Assembly
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blot analysis as described [17,32,33]. Briefly, 56105 LNCaP-P,

LNCaP-N and LNCaP-32 cells were seeded per 10 cm dish in

10 ml of complete medium and grown to confluence, after which

cells were lysed in buffer SSK (10 mM Tris, 1 mM EGTA, 1 mM

PMSF, 10 mM NaF, 10 mM NEM, 10 mM Na2VO4, 10 mM

iodoacetamide, 0.5% TX-100, pH 7.4) supplemented with the

protease inhibitor cocktail (Sigma, St. Louis, MO). Total,

detergent-soluble and -insoluble extracts were separated by

ultracentrifugation at 100,0006g for 60 min (35,000 rpm in

analytical Beckman ultracentrifuge; Model 17–65 using a

SW50.1 rotor). The detergent-insoluble pellets were dissolved in

buffer C (70 mM Tris/HCl, pH 6.8, 8 M urea, 10 mM NEM,

10 mM iodoacetamide, 2.5% SDS, and 0.1 M DTT). Following

normalization based on cell number, the total, TX-100-soluble

and -insoluble fractions were mixed with 46SDS-loading buffer to

a final concentration of 16and incubated at room temperature for

1 h (for Cx32) before SDS-PAGE analysis.

Communication Assays
Gap junctional communication was assayed by microinjecting

the following fluorescent tracers: Lucifer Yellow (MW 443 Da;

Lithium salt); Alexa Fluor 488 (MW 570 Da; A-10436), and

Alexa Fluor 594 (MW 760 Da; A-10438). Stock solutions of

Alexa dyes, obtained as hydrazide sodium salts from Molecular

Probes (Carlsbad, CA), were prepared in water at 10 mM. Lucifer

yellow was microinjected as 2.5% aqueous stock solution.

Eppendorf InjectMan and FemtoJet microinjection systems

(models 5271 and 5242, Brinkmann Instrument, Inc. Westbury,

NY), mounted on Leica DMIRE2 microscope as described

previously, were used to microinject fluorescent tracers. The

images of microinjected cells were captured with the aid of CCD

camera (Retiga 2000R, FAST 1394) using QCapture (British

Columbia, Canada) and stored as TIFF files. Junctional transfer of

fluorescent tracer was quantitated by scoring the number of

fluorescent cells (excluding the injected one) from the captured

TIFF images either at 1 min (Lucifer Yellow), 3 min (Alexa 488)

and 15 min ( Alexa 594) after microinjection into test cell as

described [14,17,32,34].

Colony Formation and Cell Growth Assays
Cell growth was assessed either by colony forming assay or by

counting cells as described [14,34]. For colony forming assay,

26103 cells were seeded in 6 cm dishes in triplicate in 3 ml culture

medium. After 24 h, one ml medium containing MB, 9-CRA and

ATRA was added to the dishes to give the desired final

concentration. Cells were grown for 3–4 weeks (with a medium

change every 4–5 days containing the appropriate concentration

of MB, DHT, 9-CRA and ATRA) when they formed visible

colonies. Colonies in dishes were fixed with 3.7% buffered

formaldehyde, stained with 0.025% solution of crystal violet in

PBS, and photographed. For measuring cell growth, 56104 cells

were seeded in 6 cm dishes in replicate and treated with MB, 9-

CRA and ATRA either alone or in combination as described

above. Cells were allowed to grow for 9–11 days with a medium

change at day 5. Cells were trypsinized and counted in a

hemocytometer.

Results

Retinoids Enhance Cx32 Expression Level
We used LNCaP-32 cells that express retrovirally transduced rat

Cx32 [17] because parental LNCaP-P and LNCaP-N cells are

devoid of detectable levels of known Cxs and do not form

functional GJs (See Materials and Methods). Earlier studies

showed that in LNCaP-32 cells androgens regulated the formation

and degradation of GJs by controlling the expression level of

Cx32 posttranslationally, by rescuing its ERAD-mediated degra-

dation [17]. Based on the rationale described above (see

introduction) and on our experience with other cell lines

[26,27], LNCaP-32 cells were treated with 9-CRA and ATRA

for 48 h to examine if they affect Cx32 expression level. We found

that 9-CRA and ATRA increased Cx32 expression level in a dose-

dependent manner (Figure 1, A). Significant enhancement,

however, was observed only at concentration of 1 mM or higher.

As assessed by the colony formation assay, concentrations

higher than 1 mM were toxic to these cells (data not shown) and

hence we chose 1 mM of 9-CRA and ATRA for subsequent

studies. Time course studies showed that enhancement with both

retinoids occurred as early as 24 h post-treatment and reached a

plateau at 72 h (Figure 1, B). The effect of 9-CRA and ATRA on

Cx32 expression level was comparable to that observed with a

synthetic androgen, mibolerone (MB), and was not observed

with RAR-specific ligands, 13-CRA and tetrahydrotetramethyl-

nepthalenylpropanylbenzoic acid (TTNPB), or with 4-hydroxy-

phenretinamide (4-HPR)(Figure 1 C). We also examined whether

9-CRA and ATRA increased the expression level of other

cell junction associated proteins. We found that both 9-CRA

and ATRA had no significant affect on the expression level of

adherens junction proteins E-cadherin and a- and b-catenins,

however, the expression level of tight junction associated

protein, occludin, was enhanced to some extent (Figure 1D).

Moreover, 9-CRA and ATRA neither induced the expression of

endogenous Cx32 in parental LNCaP cells nor altered the

expression level of retrovirally transcribed Cx32 mRNA in

LNCaP-32 cells as measured by semi-quantitative RT-PCR

analysis (data not shown).

Retinoids Enhance Gap Junction Assembly and
Junctional Communication

We next examined the effect of 9-CRA and ATRA on the

assembly of Cx32 into GJs and on junctional communication.

Concomitant with an increase in the expression level of Cx32, 9-

CRA and ATRA increased GJ assembly as assessed immunocy-

tochemically (Figure 2 A) and biochemically by Western blot

analysis of total and Triton X (TX)-100-insoluble extracts

[16,17,35] prepared at various times after treatment (Figure 2

B). Moreover, as shown in Table 1, enhancement of GJ assembly

was accompanied by parallel increase in junctional communica-

tion as measured by the junctional transfer of three GJ permeable

fluorescent tracers, Lucifer Yellow (MW 443), Alexa 488 (MW

570), and Alexa 594 (MW 760). For example, 9-CRA and ATRA

increased junctional transfer of Alexa 594 (MW 760) 2–3 folds

compared to controls (Table 1). Because E-cadherin has been

shown to facilitate the assembly of Cxs into GJs [32,33], and Cx

expression has been shown to facilitate the assembly of tight

junctions [29], we also examined whether 9-CRA and ATRA

increased the expression level of Cx32 and its assembly into GJs

indirectly by facilitating the assembly of other cell junctions as

assessed by the detergent-insolubility of their constituent and

associated proteins. We found that both 9-CRA and ATRA had

no significant affect on the expression level of adherens junction

protein E-cadherin, however, the assembly of tight junction

protein, occludin, but not its associated protein ZO-1, appeared to

have been enhanced (Figure 2 B). Taken together, these data

suggest that 9-CRA and ATRA, like androgens, enhance the

expression level of Cx32, and its subsequent assembly into GJs,

without significantly altering the expression of E-cadherin, which

has been shown to modulate the assembly of GJs [32,33,36,37]. As
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was observed in our earlier studies with androgens, the assembly of

Cx32 and occludin into cell junctions, or vice versa, appears to be

regulated coordinately [17,29,38,39].

Retinoids Modulate Androgen-regulated Formation and
Degradation of Gap Junctions

Our previous studies showed that Cx32 was degraded upon

androgen depletion by ERAD, and that androgens enhanced GJ

formation by re-routing the ERAD-targeted pool of Cx32 to the

cell surface [17]. Prompted by the data shown in Figures 1 and 2,

we next examined the expression level of Cx32 and its junctional

and non-junctional fate upon androgen depletion in the presence

and absence of 9-CRA and ATRA. For these studies, cells were

grown in androgen-depleted (charcoal-stripped), phenol-red free

cell culture medium. Consistent with earlier studies [17], we found

that androgen depletion decreased Cx32 expression level, which

was prevented upon addition of MB and DHT (Figure 3 A).

However, we found that the decrease in the expression level of

Cx32 was also prevented when androgen-depleted medium was

replenished with 9-CRA and ATRA (Figure 3 A). Moreover,

combined treatment with MB and 9-CRA or ATRA was neither

synergistic nor additive with respect to Cx32 expression level

(Figure 3 A). To substantiate the above data, we assessed the

formation of GJs immunocytochemically (Figure 3 B), biochem-

ically by detergent insolubility assay (Figure 3 C), and functionally

by measuring the junctional transfer of Lucifer Yellow (MW

443 Da), Alexa 488 (MW 570 Da), and Alexa 594 (MW 760 Da)

(Table 2). As shown in Figure 3B, androgen depletion reduced the

number of GJs drastically as Cx32-specific immunostaining was

rarely observed at cell-cell contact areas, while GJs were readily

detected in cells when androgen-depleted medium was supple-

mented with 9-CRA and ATRA and with MB and DHT (Figure 3

B). Consistent with the immunocytochemical data, junctional

transfer of Lucifer Yellow decreased significantly upon androgen

depletion, which was prevented upon replenishing androgen-

depleted medium with MB, ATRA and 9-CRA (Table 2). The

detergent insolubility assay further corroborated the immunocy-

tochemical and junctional transfer data (Figure 3 C). As was

observed in our earlier studies, depletion of androgens had no

significant effect on the detergent solubility of E-cadherin and b-

catenin and tight junction associated protein, ZO-1 (Figure 3 C).

As a control, depletion or addition of androgens, 9-CRA and

ATRA to parental LNCaP-P and G418-resistant LNCaP-N cells

neither induced GJ assembly nor had any effect on the junctional

transfer (data not shown). Collectively, these data suggest that 9-

CRA and ATRA prevent androgen-regulated degradation of

Cx32 and enhance GJ formation in LNCaP-32 cells. Because

combined treatment with androgens and retinoids was neither

synergistic nor additive, the data further suggest that GJ formation

is enhanced by rescuing the same pool of Cx32 which is targeted

for ERAD upon androgen depletion.

Retinoids Enhance Gap Junction Formation Independent
of Androgen Receptor Function

Treatment of LNCaP cells with 9-CRA has been shown to

enhance AR expression level [30]. To test if 9-CRA and ATRA

Figure 1. Retinoids increase Cx32 expression level. Cx32-expressing LNCaP-32 cells were treated with the 9-CRA, ATRA, MB and other retinoids
as indicated. A. Dose-dependent enhancement of Cx32 expression level upon 9-CRA and ATRA treatment for 48 h. Note that significant
enhancement is observed only at concentrations above 0.5 mM. B. Kinetics of enhancement of Cx32 expression level upon treatment with 9-CRA and
ATRA (1 mM) for the indicated times. Note that enhancement is observed as early as 24 h. C. Only 9-CRA and ATRA and MB increase Cx32 expression
level. Note that RAR-specific retinoids, TTNPB (tetrahydrotetramethyl-nepthalenylpropanylbenzoic acid), and 13-CRA (13-cis-retinoic acid) and the
other unrelated retinoid,4-HPR, are ineffective. Note that MB (2.5 nM) is at least 300–500 times more potent than 9-CRA and ATRA on equimolar basis.
D. Effect of 9-CRA and ATRA on adherens and tight junction associated proteins. Expression of adherens junction associated proteins E-cadherin and
a- and b-catenins, and tight junction associated protein, occludin, was analyzed by Western blot analysis of total cell lysate (5 mg). Note that only the
expression of occludin appears to change noticeably.
doi:10.1371/journal.pone.0032846.g001
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enhanced AR expression in normal and androgen-depleted

medium, we grew LNCaP-32 cells in control, androgen-depleted,

and androgen-depleted plus 9-CRA, ATRA and MB containing

medium for 48 h. As assessed by Western blot analysis, we found

that androgen depletion reduced both the expression level of AR

and Cx32, which was prevented upon replenishment with MB,

DHT, 9-CRA and ATRA (Figure 4 A). These data raised the

possibility that 9-CRA and ATRA enhanced GJ assembly in an

AR-dependent manner — and not independently. To test this

notion, we treated LNCaP-32 cells with Casodex (Bicalutamide),

which blocks androgen action by competing with androgens for

binding to the AR and inhibiting function [40,41], and examined

the expression level of Cx32 and GJ formation upon treatment

with 9-CRA, ATRA and MB in the presence and absence of

Casodex in normal and androgen-depleted medium. Consistent

with previous studies, we found that treatment with Casodex

caused degradation of AR (Figure 4 B) as well as abolished the

effect of MB and DHT on Cx32 expression as was observed in our

earlier studies [17]. However, degradation of AR was also

observed with Casodex in the presence of 9-CRA and ATRA

both in androgen-depleted and normal medium. Despite robustly

decreasing AR expression level, we found that Casodex had no

effect on 9-CRA- and ATRA-mediated enhancement of Cx32

expression level. To substantiate that decrease and increase in

Cx32 expression was accompanied by parallel changes in GJ

formation, we examined the formation of GJs immunocytochem-

ically in Casodx-treated cells in the presence and absence of MB,

9-CRA and ATRA. GJs were not formed when cells were treated

with casodex in normal serum or in androgen-depleted medium

containing MB or DHT (Figure 5). On the other hand, we found

that GJs were abundant when cells were treated with casodex

along with 9-CRA or ATRA (Figure 5). These data suggest that

the mechanism by which 9-CRA and ATRA prevent the

degradation of Cx32 and enhance GJ formation upon androgen

depletion is independent of AR expression level and/or function

or both.

Connexin32 Expression Alters the Response of LNCaP
Cells to Growth Modulatory Effect of Retinoids and
Androgens

To test if Cx32 expression potentiates the growth inhibitory

effect of 9-CRA, ATRA and androgens, we measured cell growth

by treating LNCaP-32, along with LNCaP-P and LNCaP-N cells,

with various non-toxic concentrations of these agents. Cell growth

was determined by the colony forming assay (Figures 6 and 7) and

by counting the number of cells (Tables 3 and 4). As assessed

visually by the size of the colonies, we found that the growth of

LNCaP-32 cells was profoundly inhibited by MB, 9-CRA and

ATRA whereas the growth of LNCaP-P and LNCaP-N cells was

not substantially affected (Figure 6). We also found that while

combined treatment with MB and 9-CRA or ATRA inhibited

growth more drastically compared to treatment with either agent

alone in LNCaP-P and LNCaP-N cells, these effects were more

pronounced in LNCaP-32 cells (Figure 7). For example, in order

to see visible colonies, dishes of LNCaP-32 cells treated with MB

and 9-CRA or ATRA had to be fixed 10–13 days later compared

with the dishes of LNCaP-P and LNCaP-N cells. The data shown

in Figures 6 and 7 were substantiated by counting the number of

cells in replicate cultures in two independent experiments (Table 3

and 4). For example, the growth of LNCaP-P and LNCaP-N cells

was inhibited by only 20–25% upon treatment with 9-CRA,

ATRA and MB whereas the growth of LNCaP-32 cells was

inhibited by 40–55% (Table 3). Similarly, the growth of LNCaP-

32 cells was more profoundly inhibited with the combined

treatment with MB and 9-CRA or ATRA compared with

LNCaP-P and LNCaP-N cells (Table 4). Moreover, in agreement

with our previous findings [14], we found that LNCaP-32 cells

formed more compact colonies with smooth edges compared with

LNCaP-P and LNCaP-N cells which formed colonies with

scattered edges (Figure 8). Furthermore, we also observed that 9-

CRA and ATRA treated LNCaP-P and LNCaP-N cells became

flatter and more tightly packed compared to untreated cells and

these changes were more robustly pronounced in LNCaP-32 cells

(Figure 8). Finally, the morphological changes similar to those

observed upon treatment with 9-CRA and ATRA were not as

pronounced when cells were treated with MB (not shown)

although growth was inhibited.

Figure 2. Retinoids enhance the assembly of Cx32 into gap
junctions. A. LNCaP-32 cells, grown either in six well clusters or 10-cm
dishes, were treated with 9-CRA and ATRA for various times. Assembly
of Cx32 (green) into GJs was assessed immunocytochemically. E-
cadherin is shown in red. Note that GJ formation was enhanced with 9-
CRA and ATRA and MB treatment. B. Assembly of Cx32 into GJs, of tight
junction associated protein, occludin and ZO-1, and adherens junction
protein, E-cadherin, was assessed biochemically by TX100 insolubility
assay as described in Materials and methods. Note also that both the
total level and the detergent-insoluble fraction of Cx32 increased
significantly. Note also that the detergent-solubility of adherens
junction associated proteins, E-cadherin, is not significantly affected
whereas that of tight junction associated protein, occludin, is marginally
enhanced. In (A), the nuclei (blue) are stained with DAPI.
doi:10.1371/journal.pone.0032846.g002
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Discussion

Our findings demonstrate that retinoids enhance the expression

level of Cx32 and formation of functional GJs in androgen-

responsive human PCA cell line, LNCaP, which expresses

retrovirally introduced Cx32. Earlier studies with these cells had

shown that androgens enhanced GJ formation by controlling the

expression level of Cx32 posttranslationally in a novel way — by

rescuing the ERAD-targeted pool of Cx32 and rerouting it to the

cell surface for GJ formation [17]. A key feature of our findings is

that, apart from enhancing GJ assembly in normal medium, 9-

CRA and ATRA also enhanced assembly by preventing

degradation of Cx32, which is triggered upon androgen depletion

in LNCaP-32 cells, independently of AR expression level or

function. Only the assembly of Cx32 into GJs appeared to be

significantly facilitated by 9-CRA and ATRA as neither the

assembly nor degradation of adherens junction associated proteins,

E-cadherin and a and b catenin, were significantly affected

although the assembly of tight junction associated protein,

occludin, appeared to be enhanced. The significance of these

findings is further underscored by the fact that both androgens and

retinoids have been documented to maintain the polarized and

differentiated state of epithelial cells of normal prostate and

prostatic tumors [19,42–45], and all have been shown to have

pleiotypic effects by acting as transcription factors [1,3,5,46]. Our

findings also showed that Cx32 expression potentiated the growth

inhibitory effect of androgens and retinoids in LNCaP-32 cells,

which indicates that their growth inhibitory and chemopreventive

effects in prostate might be related to their ability to induce GJ

formation.

Several independent lines of inquiry prompted us to undertake

these studies. First, the expression of Cx32 had generally been

found to coincide with the differentiated state of cells in the

prostate as well as in other well-differentiated and polarized cells of

several other organs [14,38,47–52]. Second, both androgens and

retinoids had previously been shown to affect prostate morpho-

genesis and oncogenesis in animal models and in cell lines,

including LNCaP [18,19,42–45,53–56]. Third, previous studies

had shown that retinoids enhanced GJ formation in several in vivo

and in vitro model systems, indicating that their chemopreventive

and pro-differentiating actions might be related to their ability to

enhance GJ assembly [7,25–27,57–59]. Fourth, Cx32 has been

documented to be a tumor suppressor in tissues in which it is

expressed [60–62] and it seemed reasonable that its expression and

assembly into GJs might be regulated by retinoids either alone or

in conjunction with androgens.

How might retinoids enhance GJ assembly and prevent

disassembly in LNCaP-32 cells? Our earlier studies with

LNCaP-32 cells had shown that androgen-depletion attenuated

GJ assembly by triggering the degradation of Cx32 by ERAD and

not by modulating the transcription of the endogenous Cx32 gene

or affecting Cx32 mRNA level driven by the retroviral promoter

[17]. Because 9-CRA and ATRA neither induced the expression

of the endogenous Cx32 in parental LNCaP and LNCaP-32 cells

nor affected retroviral driven Cx32 mRNA transcripts, it seems

likely that they enhanced GJ assembly by preventing the

androgen-regulated pool of Cx32, posttranslationally, both under

normal culture conditions as well as under androgen depleted

condition [17]. It is well-established that AR is degraded upon

androgen removal [63] and the expression level of AR in LNCaP

cells has been known to be enhanced by 9-CRA and ATRA [30].

Our previous studies [17] had shown that AR-mediated signaling

was the predominant factor in maintaining Cx32 expression level

and preventing its degradation, posttranslationally, under andro-

gen-depleted conditions in LNCaP-32 cells or in androgen-

containing medium in the presence of anti-androgen, Casodex,

which inhibits AR-function [64]. While our data showed that both

9-CRA and ATRA enhanced the expression level of AR under

androgen-depleted conditions (Figure 4 A), GJ assembly was also

robustly enhanced in the presence of Casodex despite low level of

AR (Figure 4 B). It is possible that under androgen-depleted

conditions, degradation of Cx32 is prevented by 9-CRA and

ATRA by modulating the expression level of AR, leading to

enhanced GJ assembly (Figure 4). However, our data also showed

that when AR function was inhibited with anti-androgen,

Casodex, androgen-mediated enhancement of Cx32 expression

was annulled in normal serum as well as in androgen-depleted

medium supplemented with MB, but the enhancement of GJ

assembly mediated by 9-CRA and ATRA was not affected despite

low AR expression. One possible explanation for these data is that

9-CRA and ATRA enhance GJ assembly by an AR-dependent

mechanism under androgen-depleted conditions by rescuing the

same pool of Cx32 which normally is ERAD targeted, yet activate

another signaling pathway to enhance GJ assembly when AR

function is inhibited by casodex under normal conditions. Further

studies are required to explore this possibility.

Cadherins have previously been shown to facilitate the

trafficking and assembly of Cxs into GJs and their loss has been

Table 1. Effect of 9-CRA, ATRA, and androgen on junctional transfer in LNCaP-32 cells.

Junctional Tracer Expt # Junctional Transfera

NS NS+9-CRAb NS+ATRAb NS+MBb

Lucifer Yellow 1 14.564.1(14) 34.466.3(18) 24.766.5(19)c 3266.3.7(22)

2 16.163.6(17) 28.764.5(14) 22.165.1(17) 38.967.1(20)

Alexa-488 1 12.864.2(19) 24.364.7(25) 22.5.65.2(29) 30.767.1(22)

2 10.263.3 (21) 25.862.3(22) 20.264.8(26) 29.868.2(27)

Alexa-594 1 7.762.3(25) 17.162.9(25) 14.963.7(25) 14.163.9(27)

2 5.361.7(20) 14.864.1(22) 13.363.9(22) 15.165.7 (22)

LNCaP-32 cells, seeded in 6 cm dishes, were grown to 70% confluence. Junctional transfer was measured after microinjecting fluorescent tracers as described in
Materials and Methods.
a: The number of fluorescent cell neighbors (mean 6 SE) 1 min (Lucifer Yellow), 3 min (Alexa-488) and 15 min ( Alexa-594) after microinjection into test cell. The total
number of injection trials is shown in parentheses.
b: Cells were treated for 48 h with 9-CRA and ATRA (1 mM) and MB (2.5 nM).
doi:10.1371/journal.pone.0032846.t001
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shown to have the opposite effect on GJ assembly [32,33,37,65].

However, our data documented that 9-CRA and ATRA had no

significant effect on the degradation of adherens junction

associated proteins E-cadherin or a and b catenins both under

normal and androgen-depleted conditions (Figures 2 and 3).

Therefore, it seems less likely that the degradation of Cx32, and

GJs composed of it, was triggered indirectly by the loss of E-

cadherin. Previous studies in other cells [29,38,39], and our earlier

studies with LNCaP-32 cells [17], had shown that the trafficking of

occludin to the cell surface and its detergent solubility was

controlled by the assembly of Cx32 into GJs as androgen-depletion

caused its internalization into intracellular stores [17]. In this

regard, it is worth noticing that 9-CRA and ATRA increased both

the total level of occludin as well as its detergent insolubility,

although not robustly, which suggests that the assembly of Cx32

and occludin might be coordinately regulated by retinoids, and

that this might be one of the mechanisms by which retinoids act as

chemopreventive agents and maintain the polarized and differen-

tiated state of epithelial cells. Further studies are required to

substantiate this notion.

A salient feature of the data presented here is that the expression

of Cx32 potentiated the growth inhibitory effect of androgens, 9-

CRA and ATRA in LNCaP-32 cells as compared with their effect

on LNCaP-P and LNCaP-N cells (Figure 6, Table 3). Moreover,

combined treatment with the androgens and 9-CRA and ATRA

was more potent than treatment with the either agent alone

Figure 3. Retinoids block androgen-regulated formation and degradation of gap junctions. LNCaP-32 cells, grown to 70% confluence
either in six well clusters or 10-cm dishes, were switched to charcoal-stripped, androgen-depleted (Strip) medium. Expression level of Cx32 and
formation of GJs were analyzed by Western blot (A) and immunocytochemical analysis (B) after 48 h in the presence and absence of 9-CRA and ATRA
(1 mM) and MB (2.5 nM) and DHT (10 nM). C. Formation of GJs was also analyzed by Western blot analysis of total, detergent-soluble and -insoluble
fractions as described in Materials and Methods. Note that Cx32 and GJs are degraded in androgen-depleted medium and degradation is blocked
upon replenishment with 9-CRA, ATRA, MB and DHT. Note also that only the expression level of Cx32 and its detergent solubility changed
significantly whereas that of E-cadhiern (E-cad), b-catenin (b-cat) and ZO-1 was not significantly affected. In (B), the nuclei (green) were stained with
DAPI. In A, 10 mg of total protein was analyzed.
doi:10.1371/journal.pone.0032846.g003
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(Figure 7, Table 4). Treatment of LNCaP cells with androgens, 9-

CRA and ATRA has had complex effects on growth, with some

concentrations inhibiting growth and others enhancing growth

[66–73]. In our studies, the concentrations of MB, 9-CRA and

ATRA chosen were only marginally growth inhibitory to Cx-null

LNCaP-P and LNCaP-N cells, but were profoundly growth

inhibitory to Cx32-expressing LNCaP-32 cells. It is worth

mentioning that in agreement with our earlier studies in other

cell culture model systems [26], but in contrast to the complexity

of the effect of MB, 9-CRA and ATRA on cell growth [66–73],

these agents consistently enhanced the expression level of Cx32

and its assembly into GJs both in normal serum and under

androgen-depleted condition in LNCaP-32 cells.

What might be the possible explanation for these findings? It is

as yet unknown which signaling pathways are activated or

suppressed upon formation and degradation of GJs [8,10,74]

and how they are causally linked to the growth inhibitory effect

[28,58,59]. Because androgens, 9-CRA and ATRA also inhibited

the growth of Cx-null cells, and inhibition was potentiated upon

expression of Cx32, it seems more likely that the formation of GJs

either modulates a signaling pathway different from that activated

by androgens and 9-CRA and ATRA or amplifies a pathway(s)

activated by them or both. In previous studies we had shown that

expression of Cx32 in LNCaP cells not only inhibited growth in

vivo and in vitro but also induced differentiation as assessed by the

ability to synthesize prostatic specific antigen, which is expressed

by the well-differentiated luminal cells of the prostate [14].

Moreover, these studies also showed that serial propagation of

Cx32-expressing LNCaP sub-clones caused selection of cells in

which the capacity to assemble GJs was lost as only few sub-clones

could be established that retained the ability to form GJs and in

which the growth suppressing effect of junction formation was

compensated by other growth-modulatory mechanisms [14]. In

this regard, it is noteworthy that transient expression of Cx43 in

LNCaP cells via adenoviruses sensitizes these cells to apoptosis

induced by tumor necrosis factor a, TRAIL, and anti-Fas

antibodies to which Cx-null LNCaP cells are resistant. Because

formation of functional GJs was required for sensitization and Cx

expression had no effect on TNF-a receptor number, Wang et al.

have proposed that transmission of some small molecules from

cell-to-cell acted as an apoptotic trigger [75]. It is at present

difficult to envisage how chemopreventive, pro-differentiating and

growth-inhibitory effects of 9-CRA and ATRA are tied to the

formation of GJs as the expression of several classes of genes has

been shown to be altered by them [11,12,28,59,76,77].

The incidence of PCA escalates dramatically at ages when men

confront other competing causes of mortality. Prostate cancer is a

slow growing tumor with a long latency period and while the

incidence of histologically detectable PCA is high, the incidence of

clinically detectable disease is low and is influenced by dietary

factors [19,71,78]. Moreover, this long latency period affords

opportunities for intervention with therapies that are designed to

delay disease initiation and/or progression. Although retinoids

have been considered as one of the candidate dietary factors in

Table 2. Effect of 9-CRA, ATRA and androgen on junctional
transfer in LNCaP-32 cells under androgen-depleted
conditions.

Treatment Exp # Junctional Tracer

LY Alexa488 Alexa-594

NS 1 14.564.1(21) 27.464.7(24) 15.463.3(22)

2 16.163.6(27) 24.865.2(27) 16.166.1(18)

Strip 1 2.460.7(24) 2.160.6(24) 0(11)

2 1.860.6.(22) 2.860.6.(27) 0(13)

Strip+MB 1 29.46.5.7(32) 2664.1(21) 13.362.47(23)

2 32.966.3(28) 30.165.2(20) 14.463.1(19)

Strip+9-CRA 1 27.465.1(24) 29.268.1(21) 12.562.1(22)

2 33.867.4(28) 34.966.1(25) 15.964.1(18)

Strip+ATRA 1 22.463.7(23) 23.764.6(24) 13.263.3(32)

2 28.264.1(29) 28.965.7(24) 15..967.1(30)

LNCaP-32 cells, seeded in 6 cm dishes, were grown to 70% confluence, after
which they were switched to charcoal-stripped, androgen-depleted medium
(Strip) for 48 h in the presence and absence of 9-CRA, ATRA, and MB. Junctional
transfer was quantified as described in Table 1 legend and in Materials and
Methods.
doi:10.1371/journal.pone.0032846.t002

Figure 4. Effect of 9-CRA, ATRA and androgens on the
expression level of Cx32 and AR. A. LNCaP-32 cells were grown
to 70–80% confluence in 6 cm dishes. Cells were switched to charcoal-
stripped, androgen-depleted medium (ST) containing 9-CRA and ATRA
(1 mM) and MB (2.5 nM) and DHT (10 nM) for 24 h. Cells in androgen-
containing medium (NS) or androgen-depleted medium (ST) were used
as controls. Expression level of Cx32 and AR was analyzed by Western
blotting. Note that the expression level of both Cx32 and AR decreases
upon androgen depletion and the decrease is blocked upon treatment
with 9-CRA, ATRA, MB and DHT. B. LNCaP-32 cells, seeded as above,
were treated with of 9-CRA and ATRA (1 mM) and MB (2.5 nM) and DHT
(10 nM) in the presence and absence of Casodex (10 mM) in normal and
androgen-depleted medium. Expression level of Cx32 and AR was
examined after Western blotting. Note that in Casodex containing
medium, the expression level Cx32 does not decrease in the presence
of 9-CRA and ATRA (1 mM) in charcoal-stripped medium despite low
level of AR expression. This is not observed with MB and DHT.
doi:10.1371/journal.pone.0032846.g004
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controlling PCA progression, epidemiological data have been

controversial as both suppressive and stimulatory effects have been

reported [24,79–81]. Androgens and retinoids are required for the

maintenance of normal healthy prostate epithelium as in their

absence glandular atrophy of the prostate ensues due to massive

apoptosis of luminal epithelial cells [18,82]. Although retinoids

Figure 5. Effect of 9-CRA, ATRA, and androgens on the
formation of gap junctions in the presence and the absence
of casodex. LNCaP-32 cells, seeded in six well clusters containing glass
cover slips, were allowed to grow to 70% confluence. Cells were then
grown for additional 24 h in normal medium (NS), in charcoal-stripped,
androgen-depleted medium alone (ST), in normal serum containing
casodex (NS+CDX), and in androgen-depleted medium supplemented
with MB (ST+MB), with MB and casodex (ST+MB+CDX), with 9-CRA
(ST+CRA), 9-CRA and CDX (ST+CRA+CDX), with ATRA (ST+ATRA), and
with ATRA and CDX (ST+ATRA+CDX). Degradation and subcellular
localization of Cx32 were analyzed immunocytochemically as described
in Materials and methods. Note that GJs (green) are not degraded in
cells treated with 9-CRA and ATRA both in the presence and absence of
casodex whereas they are degraded in normal serum and androgen-
depleted but MB supplemented medium containing casodex. E-
cadherin is shown in red and the nuclei (blue) were stained with DAPI.
doi:10.1371/journal.pone.0032846.g005

Figure 6. Connexin expression and junction formation accentuates the growth inhibitory effect of 9-CRA, ATRA and androgens in
LNCaP cells. LNCaP-P, LNCaP-N and LNCaP-32 cells were seeded at a clonal density in 6 cm dishes in triplicate (26103 cells per dish). After 24 h, cells
were treated with the indicated concentrations of 9-CRA, ATRA and MB. Cells were grown until they formed visible colonies (21 d for LNCaP-P and
LNCaP-N and 33 d for LNCaP-32). Medium was changed every 4 d. Colonies were fixed with formalin and stained with crystal violet as described in
Materials and Methods. Note that the growth of LNCaP-32 cells is profoundly inhibited upon 9-CRA, ATRA and MB treatment as colonies are barely
detectable.
doi:10.1371/journal.pone.0032846.g006

Figure 7. Connexin expression and junction formation accen-
tuates the growth inhibitory effect of 9-CRA, ATRA and
androgens in LNCaP cells. LNCaP-P, LNCAP-N and LNCaP-32 cells
were seeded at clonal density in 6 cm dishes in triplicate as described in
Figure 6 legend. After 24 h, cells were treated with 9-CRA, ATRA and MB
either alone or in combination. Cells were grown until they formed
visible colonies (21 d for LNCaP-P and LNCaP-N and 28 d for LNCaP-32).
Medium was changed every 4 d. Colonies were fixed with formalin and
stained with crystal violet as described in Materials and Methods. The
numbers on the dishes correspond to the following concentrations of
9-CRA, ATRA and MB. 1 = control; 2: MB (0.5 nM); 3 = 9-CRA (0.5 mM); 4.
ATRA (0.5 mM); 5 = MB+CRA; 6. MB+ATRA; 7 = CRA+ATRA (0.5 mM);
8 = MB = (1 nM). Note that the combined treatment is more potent
and that the growth of LNCaP-32 cells is more profoundly inhibited.
doi:10.1371/journal.pone.0032846.g007
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have been known to be chemopreventive agents for decades and

have been used as differentiating agents, their use in human

clinical trials has been hampered due to pleiotypic and toxic effects

[24,83,84]. Thus, the role of androgens and retinoids in

suppressing and facilitating PCA progression as well as in

maintaining the differentiated state of epithelial cells of normal

prostate and prostate tumors has remained enigmatic

[18,19,79,83,85]. In the light of the effects of androgens and 9-

CRA and ATRA on junction formation and growth, and because

of the potential interactions among AR and RXR receptor

pathways, an investigation into their additive and/or synergistic

effects on the assembly and disassembly of Cx32 into GJs might

shed light on the mechanism by which retinoids and androgens

affect growth, differentiation and apoptosis of normal and PCA

cells.
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Phosphorylation on Ser-279 and Ser-282 of 
connexin43 regulates endocytosis and gap 
junction assembly in pancreatic cancer cells
Kristen E. Johnson, Shalini Mitra, Parul Katoch, Linda S. Kelsey, Keith R. Johnson, 
and Parmender P. Mehta
Department of Biochemistry and Molecular Biology and Department of Oral Biology, Eppley Institute for Research 
in Cancer and Allied Diseases, Eppley Cancer Center, University of Nebraska Medical Center, Omaha, NE 68198

ABSTRACT The molecular mechanisms regulating the assembly of connexins (Cxs) into gap 
junctions are poorly understood. Using human pancreatic tumor cell lines BxPC3 and 
Capan-1, which express Cx26 and Cx43, we show that, upon arrival at the cell surface, the 
assembly of Cx43 is impaired. Connexin43 fails to assemble, because it is internalized by 
clathrin-mediated endocytosis. Assembly is restored upon expressing a sorting-motif mutant 
of Cx43, which does not interact with the AP2 complex, and by expressing mutants that can-
not be phosphorylated on Ser-279 and Ser-282. The mutants restore assembly by preventing 
clathrin-mediated endocytosis of Cx43. Our results also document that the sorting-motif 
mutant is assembled into gap junctions in cells in which the expression of endogenous Cx43 
has been knocked down. Remarkably, Cx43 mutants that cannot be phosphorylated on 
Ser-279 or Ser-282 are assembled into gap junctions only when connexons are composed of 
Cx43 forms that can be phosphorylated on these serines and forms in which phosphorylation 
on these serines is abolished. Based on the subcellular fate of Cx43 in single and contacting 
cells, our results document that the endocytic itinerary of Cx43 is altered upon cell–cell 
contact, which causes Cx43 to traffic by EEA1-negative endosomes en route to lysosomes. 
Our results further show that gap-junctional plaques formed of a sorting motif–deficient 
mutant of Cx43, which is unable to be internalized by the clathrin-mediated pathway, are 
predominantly endocytosed in the form of annular junctions. Thus the differential phospho-
rylation of Cx43 on Ser-279 and Ser-282 is fine-tuned to control Cx43’s endocytosis and 
assembly into gap junctions.

INTRODUCTION
Gap junctions, formed of proteins called connexins (Cxs), are en-
sembles of several cell–cell channels that signal by permitting the 
direct exchange of small molecules between the cytoplasmic interi-
ors of contiguous cells. Evidence is mounting that this form of sig-
naling fulfills a homeostatic role through buffering of spatial gradi-
ents of nutrients and small molecules of <1500 Da (Goodenough 
and Paul, 2009). Connexins, which are designated according to 
molecular mass, are family of 21 related proteins, some of which are 
expressed in a tissue-specific manner, while others are expressed 
redundantly (Beyer and Berthoud, 2009). A cell–cell channel is 
formed when newly synthesized Cxs oligomerize as a hexamer to 
form a connexon that, upon reaching the cell surface, docks with a 
connexon in an adjacent cell. A gap junction, often called a gap-
junctional plaque, is formed when several such channels cluster. 
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tumor cell line BxPC3, which expresses an exocrine pancreas-
specific Cx, Cx26, as well as a ubiquitously expressed Cx, Cx43, we 
show that only the assembly of Cx43 into gap junctions is impaired, 
because it is selectively internalized prior to assembly. Moreover, we 
show that the defective assembly of Cx43 is caused by the endocy-
tosis of connexons by the clathrin-mediated pathway. Furthermore, 
we provide evidence that defective assembly is restored by express-
ing a sorting-motif mutant of Cx43 that cannot be endocytosed by 
the clathrin-mediated pathway. In addition, we document that as-
sembly of Cx43 can also be restored by preventing phosphorylation 
of Ser-279 or Ser-282, previously shown to be phosphorylated by 
mitogen-activated protein (MAP) kinase (Warn-Cramer et al., 1998). 
Finally, our results document that defective assembly can only be 
restored when connexons are composed of Cx43 forms that can be 
phosphorylated on Ser-279 and Ser-282 and Cx43 forms in which 
phosphorylation of these serines is abolished. Our results suggest 
that differential phosphorylation of Cx43 on these serines is fine-
tuned to control endocytosis, plaque growth, and size.

RESULTS
Defective assembly of Cx43 in BxPC3 and Capan-1 cells
Cx32 and Cx26 are expressed in the acinar cells of the exocrine 
pancreas (Bavamian et al., 2009). We screened several human pan-
creatic cancer cell lines by semiquantitative reverse transcriptase 
PCR (RT-PCR) for the expression of Cxs (unpublished data) and 
chose two cell lines, BxPC3 and Capan-1, which expressed Cx43 
and Cx26. As was reported earlier (Lahlou et al., 2005), upon im-
munocytochemical and Western blot analysis, we found that Cx43 
was not assembled into gap junctions in either cell line and lay pre-
dominantly as discrete intracellular vesicular puncta dispersed 
throughout the cytoplasm (Figure 1A). On the other hand, Cx26 
formed gap junctions in BxPC3 cells but remained intracellular in 
Capan-1 cells (Supplemental Figure S1, left panels). To substantiate 
the immunocytochemical data, we determined the extent of assem-
bly of Cx43 into gap junctions bioche mically by Western blot analy-
sis of total and Triton X-100 (TX100)-soluble and TX100-insoluble 
fractions (VanSlyke and Musil, 2000) and upon in situ extraction with 
1% TX100. The results showed that Cx43 remained predominantly 
detergent-soluble in both cell lines, as assessed by the disappear-
ance of intracellular puncta (Figure 1B) and by the majority of Cx43 
appearing in the detergent-soluble fraction (Figure 1C). For exam-
ple, the mean number of Cx43 intracellular puncta in both cell lines 
after detergent extraction was reduced from 82 ± 13 (n = 14) and 
104 ± 19 (n = 17) per cell to 11 ± 4 (n = 13) and 7 ± 3 (n = 14) per cell 
in BxPC3 and Capan-1 cells, respectively. Because Cx26 was as-
sembled into gap junctions, whereas Cx43 was not, we next exam-
ined the assembly of Cx32 in BxPC3 and Capan-1 cells upon retro-
viral transduction. We found that Cx32 assembled into gap junctions 
in BxPC3 cells, but not in Capan-1 cells, as assessed immunocy-
tochemically and biochemically with TX100-solubility assays (Figure 
S1). Altogether the results shown in Figures 1 and S1 suggest the 
following: 1) In BxPC3 cells, both Cx26 and Cx32 are efficiently as-
sembled into gap junctions, but the assembly of Cx43 is selectively 
impaired. 2) In Capan-1 cells, the assembly of all three Cxs is 
impeded.

To examine whether the failure of Cx43 to assemble into gap junc-
tions was due to impaired trafficking or to endocytosis prior to as-
sembly into gap junctions, we used cell surface biotinylation, as well 
as markers for the secretory and the endocytic compartments, to as-
sess its subcellular fate. Using biotinylation of E-cadherin as a positive 
control, we found that Cx43 was biotinylated significantly in both 
BxPC3 and Capan-1 cells (Figure 1D). However, immunocytochemical 

The half-life of most Cxs has been determined to lie between 2 
and 5 h both in vivo and in vitro, revealing gap-junctional plaques 
to be highly dynamic macromolecular complexes (Laird, 2006; 
Goodenough and Paul, 2009). Because a gap junction is a bicellular 
structure and is assembled by the collaborative effort of two cells, it 
is as yet not precisely known how the formation of a nascent gap-
junctional plaque is initiated at the site of cell–cell contact, how the 
plaque assembles and grows, and how it is endocytosed and disas-
sembled (Musil, 2009).

With regard to assembly, current evidence supports the notion 
that, once a plaque has been nucleated or a nascent gap junction 
formed, the plaque grows either when connexons, which have been 
delivered to the cell surface randomly, are recruited to its periphery 
by diffusion (Gaietta et al., 2002; Lauf et al., 2002; Thomas et al., 
2005), or when connexons are directly delivered to the plaque itself 
(Shaw et al., 2007). Moreover, it is thought that docking of connex-
ons occurs either in the plaque itself or in its vicinity. Furthermore, 
given the fact that an ensemble of cells has gap junctions of diverse 
sizes, it is also not known whether larger plaques arise from the co-
alescence of smaller plaques or by the continuous accretion of un-
docked or docked connexons to the plaque periphery. With regard 
to disassembly, recent studies have shown that gap junctions disas-
semble intricately, either through the endocytosis of the plaque in 
its entirety or through endocytosis of senescent plaque components 
from the center as double-membrane vesicles (Jordan et al., 2001; 
Gaietta et al., 2002; Piehl et al., 2007; Nickel et al., 2008; Falk 
et al., 2009). Recently gap junctions have also been found to be 
degraded by autophagy upon internalization (Hesketh et al., 2010; 
Lichtenstein et al., 2011; Bejiarno et al., 2012; Fong et al., 2012).

Our previous studies with cadherin-null human squamous carci-
noma cells showed that the assembly of Cx43, which is ubiquitously 
expressed (Laird, 2006), was facilitated by cell–cell adhesion medi-
ated by cadherins although cadherins were not required to initiate 
the formation of nascent gap-junctional plaques. On the other hand, 
the assembly of Cx32, which is expressed in well-differentiated and 
polarized cells (Bosco et al., 2011), was induced only when cells ac-
quired a partially polarized state (Chakraborty et al., 2010). Our sub-
sequent studies with nontransformed rat epithelial cells showed that 
the assembly of Cx43 was differentially regulated by E-cadherin and 
N-cadherin at sites of cell–cell contact. When only E-cadherin was 
expressed, Cx43 was preponderantly assembled into large gap 
junctions, and when only N-cadherin was expressed, Cx43 was en-
docytosed prior to assembly into gap junctions (Govindarajan et al., 
2010). These studies suggest that the assembly of Cxs into gap 
junctions upon arrival at the cell surface is subject to regulatory 
mechanisms at the site of cell–cell contact and may be dependent 
upon additional proteins that permit or impede assembly. The ex-
tent to which the assembly of a particular connexon into gap junc-
tions upon arrival at the cell surface is determined by factors intrinsic 
to the connexon itself or by extrinsic factors, such as the direct or 
indirect interaction of a Cx with other cell surface-associated 
protein(s), has not yet been explored (Laird, 2010; Herve et al., 
2012). Although many proteins have been shown to interact with 
Cxs either directly or indirectly, not much is known about the mole-
cular nature of these interactions and how they impose local con-
straints to restrict or permit the assembly of a particular connexon 
upon arrival at the cell surface (Laird, 2010; Herve et al., 2012).

As a first step toward elucidating the molecular mechanisms by 
which the assembly of a particular connexon is regulated at the site 
of cell–cell contact, we chose a tumor cell line that expressed two or 
more Cxs and in which the assembly of one of the Cxs was efficient, 
while that of the other Cx was inefficient. Using human pancreatic 
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junctions. We first used hypertonic sucrose to inhibit the clathrin-
mediated pathway (Heuser and Anderson, 1989) and filipin to in-
hibit the lipid-mediated pathway (Schnitzer et al., 1994). We found 
that exposure of cells to hypertonic conditions for 1–2 h caused the 
disappearance of Cx43 intracellular puncta and the concomitant 
increase in cell surface–associated Cx43, whereas filipin had no 
effect (unpublished data). These findings hinted that clathrin-
mediated endocytosis was involved. Earlier studies had shown that 
the cytoplasmic tail of Cx43 harbored a consensus protein–protein 
interaction proline-rich motif and an overlapping putative tyrosine-
based sorting motif (278-LSPMSPPGYKLV-289) that potentially tar-
geted it for internalization via the clathrin-mediated pathway 
(Thomas et al., 2003). We therefore directly tested whether Cx43 
interacted with the μ2 subunit of the clathrin adapter complex AP2 
by using a yeast two-hybrid analysis (Figure 2A). The results showed 
that, while the cytoplasmic tail of wild-type (WT) Cx43 interacted 
with the μ2 subunit of AP2, Cx43 mutants (Y286A, V289D, and 
Y286A/V289D), in which either tyrosine or valine or both amino ac-
ids of the sorting motif had been mutated, did not. The mutant 
Y286A/V289D hereafter will be referred to as YA/VD-Cx43. All the 

analysis showed that Cx43 barely colocalized with clathrin (Roth, 
2006), the early endocytic marker EEA1 (Mills et al., 1998), or caveolin 
1 (Parton and Simons, 2007; Figures 1E and S2A). This conclusion was 
supported by quantitative analysis (Figure S2C). On the other hand, 
discernible colocalization was observed with GM130, a cis-Golgi–
resident protein (Nakamura et al., 1995), and with caveolin 2 (Parton 
and Simons, 2007), which are markers for the secretory compartments 
(Figure S2A), as well as with the lysososmal marker Lamp1 (Rohrer 
et al., 1996; Hunziker and Geuze, 2011; Figure S2B). Taken together, 
these data suggest that intracellular accumulation of Cx43 in BxPC3 
and Capan-1 cells is not caused by impaired trafficking to the cell 
surface, but by some mechanism that selectively interferes with its 
assembly into gap junctions, causing it to accumulate in intracellular 
vesicles, yet permitting the assembly of Cx32 and Cx26 into gap 
junctions.

Endocytosis of Cx43
Because Cx43 trafficked to the cell surface, yet failed to colocalize 
discernibly with endocytic markers, we used other approaches to 
examine whether it was endocytosed prior to assembly into gap 

FIGURE 1: Cx43 fails to assemble into gap junctions in BxPC3 and Capan-1 cells. (A) Cells were immunostained for 
Cx43. Note that in both BxPC3 and Capan-1 cells, Cx43 (red) is seen as discrete intracellular puncta dispersed 
throughout the cytoplasm. (B) Loss of Cx43 intracellular puncta upon in situ extraction with 1% TX100 in BxPC3 and 
Capan-1 cells. Note loss of Cx43 intracellular puncta upon extraction with TX100. (C) Western blot analysis of Cx43 in 
total (T), TX100-soluble (S), and TX100-insoluble (I) fractions of cell lysates in BxPC3 and Capan-1 cells. Note that the 
majority of Cx43 is soluble in TX100 in both cell types. (D) Cx43 traffics to the cell surface in BxPC3 and Capan-1 cells. 
The cell surface proteins of BxPC3 and Capan-1 cells were biotinylated. Biotinylated proteins were pulled down by 
immobilized streptavidin and immunoblotted for Cx43. Biotinylation of E-cadherin (E-cad) was used as a positive 
control. For input, 10 μg total cell lysate was used. Note that Cx43 and E-cad were efficiently biotinylated in both cell 
lines. (E) Cells were immunostained for Cx43 (red), clathrin, and EEA1. Enlarged images of the boxed regions are shown 
on the right. Note that Cx43 does not colocalize discernibly with either marker.
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transfection efficiencies of BxPC3 and Capan-1 cells. Altogether 
these data indicate that Cx43 interacts with the μ2 subunit of AP2 
complex either directly or indirectly.

To lend further support to the above data, and given the involve-
ment of Rab5 in clathrin-mediated endocytosis (Bucci et al., 1992; 
Zerial and McBride, 2001), we also examined whether Rab5 was in-
volved in the endocytosis of Cx43 (Figure S3). We transiently ex-
pressed wild-type Rab5 (Rab5-WT) and its dominant-active (Rab5-
DA) and dominant-negative (Rab5-DN) mutants conjugated with 
EGFP in BxPC3 and Capan-1 cells. The results showed that expres-
sion of Rab5-DN profoundly reduced the number of EEA1-positive 
vesicles, suggesting that the generation of EEA1-positive vesicles 
was Rab5-dependent in both cell lines (unpublished data). In agree-
ment with the effect of Rab5-DN on the generation of EEA1-positive 
vesicles, we found that the expression of Rab5-DN also drastically 
reduced the number of Cx43 intracellular puncta (Figure S3A). These 
results suggest that the generation of Cx43-positive intracellular 
vesicles depends on Rab5, which also regulates the productive en-
docytosis of Cx43. Altogether the above data demonstrate that 
Cx43 is endocytosed by the clathrin-mediated pathway in a Rab5-
dependent manner in both cell types, but that Cx43 colocalizes with 
clathrin—and predominantly traffics via EEA1-positive endosomes—
only in single cells, whereas in contacting cells, it traffics via EEA1-
negative endosomes

mutants and engineered constructs used are diagrammed in Figure 
12 under Materials and Methods later in the paper.

Our previous studies showed that Cx43 colocalized extensively 
with clathrin and EEA1 in single cells but not in contacting cells 
(Govindarajan et al., 2010). Therefore we examined the subcellular 
fate of Cx43 in single BxPC3 and Capan-1 cells 24–36 h after seed-
ing to determine whether it was endocytosed by the clathrin-
mediated pathway. We rationalized that, due to the short half-life 
of Cx43, intracellular puncta in single cells would plausibly repre-
sent endocytosed connexons that had trafficked to the cell sur-
face. We observed a marked colocalization of Cx43 with clathrin 
and EEA1 (Figure 2B), as well as with Lamp1 (Figure S3A), but no 
colocalization with caveolin 1 (Figure S3A). The data shown in 
Figure 2A prompted us to examine whether Cx43 would colocalize 
with the AP2 complex. The results showed that Cx43 colocalized 
discernibly with the AP2 complex both in contacting (Figure 2C) 
and single cells (Figure 2D). To determine whether AP2 complex 
interacts with WT-Cx43, we transiently expressed the monomeric 
enhanced green fluorescent protein (mEGFP)-tagged μ2 subunit 
of the adaptor protein (AP2) complex (Ohno et al., 1995) in HEK293 
cells, which express endogenous Cx43. The results showed that 
Cx43 could be immunoprecipitated from the total cell lysates with 
antibody to green fluorescent protein (GFP) green fluorescent 
protein (Figure S3B). We used HEK293 cells due to the low 

FIGURE 2: (A) In the yeast two-hybrid assay, Cx43 interacts with the μ2 subunit of the AP2 complex in a sorting 
motif–dependent manner. Yeast were cotransformed with the indicated GAL4-binding domain and GAL4 transcription 
activation domain fusion constructs. Measured by growth on selective media (−His), only the wild-type (WT) tail of Cx43 
interacted with the μ2 subunit of the AP2 complex. PVA3 (p53) and PTD1 (large T-antigen) served as positive control, 
while rabinosyn-5 served as the negative control. (B) Cx43 (green) colocalizes with clathrin and EEA-1 in single cells. 
(C and D) Cx43 (green) colocalizes with the AP2 complex (red) in both single and contacting cells. (B–D) Outlined boxes 
are shown at higher power.
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fraction was substantially increased upon expressing YA/VD-Cx43 
(Figure 3C), substantiating the data obtained from the immuno-
cytochemical analysis.

To examine whether YA/VD-Cx43 restored assembly by incor-
porating into gap-junctional plaques that also contained the 
endogenous Cx43, we transiently expressed Myc-tagged YA/
VD-Cx43 in BxPC3 and Capan-1 cells and examined whether all 
forms of Cx43 were incorporated into gap-junctional plaques. 
Within the sensitivity of the light microscope and based on the pat-
tern of colocalization, the results showed that total Cx43 colocal-
ized nearly completely with YA/VD-Cx43-Myc (Figure 4A). If endog-
enous Cx43 did not assemble with YA/VD-Cx43-Myc, some of the 
red signal would appear alone. To determine whether YA/VD-Cx43 
formed heteromers with WT-Cx43, and to substantiate the immu-
nocytochemical data, we transiently expressed both WT-Cx43EGFP 
and YA/VD-Cx43-Myc (or the reciprocally labeled protein) in HeLa 
cells. We examined whether the two proteins could be coimmuno-
precipitated from the detergent-soluble fraction, since that fraction 
is likely to contain only connexons that are not incorporated into 
gap-junctional plaques (VanSlyke and Musil, 2000). We used HeLa 
cells for coimmunoprecipitation, because of the low transfection 
efficiencies of BxPC3 and Capan-1 cells. The results showed that 

Cells expressing YA/VD-Cx43 assemble gap junctions
Various Cx subtypes have been shown to oligomerize to form 
heteromeric connexons that are incorporated into gap-junctional 
plaques (Jiang and Goodenough, 1996; Valiunas et al., 2001; 
Churko et al., 2010). We hypothesized that the sorting-motif mu-
tant YA/VD-Cx43, by forming heteromers with the endogenous 
Cx43, might affect junction assembly by inhibiting endocytosis. 
To pursue this hypothesis, we investigated whether expression of 
YA/VD-Cx43 would restore defective gap junction assembly in 
BxPC3 and Capan-1 cells. WT-Cx43 or YA/VD-Cx43 were tran-
siently expressed in each cell type along with EGFP to mark trans-
fected cells, and the formation of gap junctions was assessed im-
munocytochemically. The results showed that expressing YA/
VD-Cx43 induced the formation of large gap-junctional plaques, 
while expressing WT-Cx43 did not (Figure 3A, top panels). To rule 
out that the restoration of junction assembly was an artifact of 
overexpression, we also expressed WT-Cx43 or YA/VD-Cx43 via 
recombinant retroviruses. The results showed that the retroviral 
expression of YA/VD-Cx43 restored gap junction assembly with a 
concomitant decrease in intracellular puncta, although not as ro-
bustly as upon transient expression (Figure 3A, bottom panels). 
Detergent-solubility assays showed the detergent-insoluble 

FIGURE 3: The sorting-motif mutant YA/VD-Cx43 restores gap junction assembly. (A) WT-Cx43 (WT) and YA/VD-Cx43 
(YA/VD) were expressed in cells by transient transfection (top row) or by retroviral infection (bottom row). Cells were 
immunostained for Cx43. For transient expression, WT-Cx43 and YA/VD-Cx43 were cotransfected with EGFP to mark 
the transfected cells. Note the formation of gap junctions (arrows) in cells expressing YA/VD-Cx43. (B) The percentage 
of transfected cells that had gap junctions was determined by examining 20 cells from two experiments (blue bars: cells 
expressing WT-Cx43; red bars: cells expressing YA/VD-Cx43). Note the increase in gap junction number in cells 
transfected with YA/VD-Cx43. (C) Total (T), TX100-soluble (S), and TX100-insoluble (I) fractions were prepared from cells 
expressing retrovirally introduced WT-Cx43 or YA/VD-Cx43. Note the robust increases in the detergent-insoluble 
fractions in cells infected with YA/VD-Cx43.
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4 document that the expression of the YA/VD-Cx43 mutant restores 
gap junction assembly in BxPC3 and Capan-1 cells and that the 
restoration occurs through inhibition of clathrin-mediated endocy-
tosis of connexons.

Phosphorylation of Ser-279 and Ser-282 of Cx43 
and gap junction assembly
Phosphorylation of serine and tyrosine residues in or adjacent to 
sorting motifs modulates the endocytosis of many transmembrane 
proteins (Bonifacino and Traub, 2003; Moore et al., 2007; Traub, 
2009). Thus we rationalized that the phosphorylation of Ser-279 
and Ser-282 of Cx43, which lay near the sorting motif, might dis-
rupt its assembly into gap junctions by inducing endocytosis. To 
test this notion, we created the following Cx43 mutants: 1) S279A 
and S279D, in which Ser-279 was substituted with alanine or its 
phosphomimetic, aspartic acid, respectively. 2) S282A and S282D, 
in which Ser-282 was substituted with alanine or aspartic acid, 

WT-Cx43 and YA/VD-Cx43 reciprocally coimmunoprecipitated with 
each other (Figure 4B).

To test whether the formation of heteromers between endoge-
nous Cx43 and YA/VD-Cx43 restored gap junction assembly by in-
hibiting endocytosis of connexons, we examined the colocalization 
of Cx43 with clathrin in single Capan-1 cells expressing retrovirally 
introduced WT-Cx43 or YA/VD-Cx43 in addition to endogenous 
Cx43. The results showed that, in contrast with discernible colocal-
ization of Cx43 with clathrin in single cells expressing retroviral 
WT-Cx43, no colocalization was observed in cells that expressed YA/
VD-Cx43 (Figure 4C). We also found that, in contrast with WT-Cx43, 
heteromers of endogenous Cx43 and YA/VD-Cx43 colocalized dis-
cernibly with caveolin 1 (Figure 4C, bottom middle panel). Both 
WT-Cx43 and the heteromers of endogenous Cx43 and YA/VD-
Cx43 were routed to lysosomes, as assessed by colocalization of 
Cx43 with Lamp1 in single cells expressing either WT-Cx43 or YA/
VD-Cx43 (Figure 4C). Collectively the data shown in Figures 3 and 

FIGURE 4: Sorting-motif mutant YA/VD-Cx43 restores defective gap junction assembly by incorporating into gap 
junctions and inhibiting clathrin-mediated endocytosis. (A) BxPC3 and Capan-1 cells expressing endogenous Cx43 were 
transiently transfected with YA/VD-Cx43-Myc (YA/VD-Myc) and immunostained for Myc and Cx43. Note the robust 
colocalization of YA/VD-Cx43-Myc with total Cx43 (WT) and the formation of gap junctions. (B) Coimmunoprecipitation 
of WT-Cx43 and YA/VD-Cx43. HeLa cells were transfected with YA/VD-Cx43EGFP (YA/VD-GFP), WT-Cx43-Myc 
(WT-Myc), WT-Cx43EGFP (WT-GFP), and YA/VD-Cx43-Myc (YA/VD-Myc) either alone or in the various combinations 
indicated. GFP-tagged proteins were pulled down with immobilized anti-GFP antibody. Note that YA/VD-Cx43-Myc 
coimmunoprecipitated with WT-Cx43EGFP and WT-Cx43-Myc coimmunoprecipitated with YA/VD-Cx43EGFP. 
(C) Capan-1 cells, expressing endogenous Cx43 along with retrovirally introduced WT-Cx43 or YA/VD-Cx43, were 
seeded as single cells and immunostained for Cx43 (red) and either clathrin, Caveolin 1 (Cav1), or Lamp1 (green). Note 
that puncta composed of both endogenous Cx43 and retrovirally introduced WT-Cx43 colocalize extensively with 
clathrin and Lamp1 but not with Cav1. In contrast, puncta composed of both endogenous Cx43 and retrovirally 
introduced YA/VD-Cx43 fail to colocalize with clathrin, but colocalize discernibly with Cav1 at cell borders.
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other randomly chosen cell junction and cytoskeletal proteins 
(Figure S4B). These stably knocked-down cells are hereafter referred 
to as Bx43KD (for BxPC3) and CP43KD (for Capan-1) cells.

We used recombinant retroviruses to knock in wild-type and mu-
tant Cx43 in Bx43KD and CP43KD cells. Western blot analysis 
showed that the knocked-in WT-Cx43 and Cx43 mutants were ex-
pressed robustly (Figure 6A). However, unexpectedly, we observed 
that only YA/VD-Cx43 assembled into gap junctions, whereas the 
other mutants did not (Figure 6B). Hereafter, Bx43KD and CP43KD 
with knocked-in WT or mutant Cx43 will be referred to as Bx43KDKI 
and CP43KDKI cells, followed by the name of the constructs ex-
pressed. To substantiate the immunocytochemical data, we deter-
mined the assembly of knocked-in WT-Cx43, sorting-motif mutant 
YA/VD-Cx43, and mutants S279A and S279D biochemically by the 
TX100-solubility assay and upon in situ extraction with 1% TX100. 
We also performed functional analysis by scrape-loading and 
microinjection of gap junction–permeable fluorescent tracers. The 
results showed that only the YA/VD-Cx43 mutant assembled into 
detergent-insoluble, gap-junctional plaques, as assessed immuno-
cytochemically (Figure 7A) and biochemically by the TX100-solubil-
ity assay (Figure 7B). Moreover, as assessed by scrape-loading and 
microinjection of gap junction–permeable fluorescent tracers 
Lucifer Yellow (LY), Alexa Fluor 560, and Alexa Fluor 594, only the 
YA/VD-Cx43 mutant formed functional cell–cell channels (Figure 
S4, C and D; see also Table 1). Finally, to further substantiate the 
above data, we retrovirally introduced the same mutants into the 
human prostate cancer cell line, LNCaP, which we have shown as-
sembles Cxs into gap junctions efficiently (Mehta et al., 1999; Mitra 
et al., 2006; Kelsey et al., 2012). The results showed that, compared 
with WT-Cx43, mutant YA/VD-Cx43 formed large gap junctions, 
whereas mutants S279A and S279D assembled into small gap-junc-
tional puncta, many of which appeared to be intracellular (Figure 
S5A). In sum, the data shown in Figures 6 and 7 suggest that the 

respectively. 3) S279A/S282A and S279D/S282D, in which both 
Ser-279 and Ser-282 were substituted with alanine or aspartic acid, 
respectively. WT-Cx43 and the above mutants were transiently ex-
pressed in BxPC3 and Capan-1 cells along with EGFP to mark the 
transfected cells. The results showed that the expression of serine-
to-alanine mutants (S279A and S282A) restored gap junction as-
sembly, whereas expression of serine-to-aspartic acid mutants 
(S279D and S282D) had no discernible effect (Figure 5A). More-
over, mutants S279A and S282A restored gap junction assembly as 
robustly as YA/VD-Cx43 (Figure 5A). Furthermore, restoration with 
the double mutant S279A/S282A was not more robust than with 
the single mutants. To test whether mutants restored assembly by 
incorporating into gap-junctional plaques that also contained en-
dogenous Cx43, we transiently expressed the Myc-tagged mutant 
S279A-Myc in BxPC3 and Capan-1 cells. The results showed that 
S279A-Myc colocalized extensively with total Cx43 both in the 
gap-junctional plaques and in intracellular vesicles (Figure 5B). Col-
lectively these data suggest that phosphorylation on Ser-279 and/
or Ser-282 of Cx43 impairs its assembly into gap junctions in BxPC3 
and Capan-1 cells and preventing phosphorylation of these resi-
dues restores assembly.

Only the sorting-motif mutant assembles into gap junctions 
in cells with endogenous Cx43 knocked down
BxPC3 and Capan-1 cells express abundant endogenous Cx43 
(Figure 1). To test whether those mutants that restored defective 
gap junction assembly upon transient expression would assemble 
into gap junctions by themselves, we stably knocked down endog-
enous Cx43 in both cell types with a short hairpin RNA (shRNA) tar-
geting the 3′ untranslated region (UTR). As assessed by Western 
blot analysis, the expression of endogenous Cx43 was nearly abol-
ished in both cell lines upon knockdown (Figure S4A). Knockdown 
of Cx43 had no off-target effect on the expression level of seven 

FIGURE 5: S279A and S282A mutants restore gap junction assembly. (A) BxPC3 and Capan-1 cells were transiently 
cotransfected with EGFP and the indicated Cx43 constructs. Cells were immunostained for Cx43 (red). Note that the 
S279A and S282A mutants restored gap junction assembly as robustly as the sorting-motif mutant YA/VD-Cx43, whereas 
S279D and S282D did not. (B) Capan-1 and BxPC3 cells were transiently transfected with Myc-tagged S279A and were 
immunostained for Cx43 (red) and Myc (green) after 24 h. Note the robust colocalization of total Cx43 with Myc.
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we checked for colocalization. The results showed extensive colo-
calization of Myc-tagged WT-Cx43 with total Cx43. Notably, junc-
tion assembly was restored only in cells expressing S279A (Figure 
8B, top row). Gap junctions were also assembled when Myc-tagged 
S279A was introduced into Bx43KDKI and CP43KDKI cells stably 
expressing S279D (unpublished data). Altogether the data shown 
in Figure 8, combined with those shown in Figures 5–7, suggest 
that S279A assembled into gap junctions only in the presence of 
WT-Cx43.

Trafficking, degradation, and subcellular fate of knocked-in 
WT-Cx43 and its mutants
In the next series of experiments, we examined whether the failure of 
knocked-in WT-Cx43 and mutants S279A, S279D, S282A, and S282D 
to assemble into gap junctions was due to impaired trafficking or 
differential degradation at the cell surface. Therefore we determined 
the trafficking and the kinetics of degradation of WT-Cx43 and the 
mutants by cell surface biotinylation. We found that WT-Cx43 and 
the various Cx43 mutants trafficked to the cell surface (Figure S5B). 

mutants S279A and S282A are unable to assemble into gap junc-
tions in the absence of WT-Cx43.

Wild-type and mutant Cx43 are required for gap 
junction assembly
To determine directly whether both WT-Cx43 and the S279A mu-
tant are required for junction assembly, we tested whether expres-
sion of WT-Cx43 would restore gap junction assembly in Bx43KDKI 
cells expressing knocked-in S279A. As controls, we also chose 
Bx43KDKI cells stably expressing either knocked-in WT-Cx43 or 
Cx43-S279D. WT-Cx43 was transiently expressed along with EGFP 
to mark the transfected cells (Figure 8A). The results showed the 
expression of WT-Cx43 restored junction assembly in Bx43KDKI 
cells expressing S279A but not in cells expressing S279D or 
WT-Cx43 (Figure 8A, compare middle panel with right and left 
panels). Similar data were obtained when WT-Cx43 was transiently 
transfected into CP43KDKI cells stably expressing S279A, S279D, 
or WT-Cx43 (unpublished data). To test whether WT-Cx43 was in-
corporated into gap-junctional plaques that also contained S279A, 

FIGURE 6: Assembly of sorting-motif and serine mutants of Cx43 into gap junctions in knockdown cells. (A) WT-Cx43 or 
the indicated mutants were knocked in to Bx43KD and CP43KD cells, and lysates were analyzed for Cx43 expression by 
Western blotting. Note that, compared with parental cells expressing endogenous Cx43 (Endo-Cx43), the knocked-in 
WT-Cx43 and Cx43 mutants are robustly expressed. No detectable expression is seen in CP43KD and Bx43KD cells. 
(B) Bx43KD and CP43KD cells expressing the knocked-in WT-Cx43 or Cx43-mutants were immunostained for Cx43. 
Note that only the sorting motif mutant YA/VD-Cx43 (YA/VD) assembles into gap junctions.
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Moreover, the kinetics of degradation of all mutants, including YA/
VD-Cx43, was not noticeably different from WT-Cx43 (Figure S5C). 
Because endogenously expressed Cx43 colocalized with clathrin in 
single parental BxPC3 and Capan-1 cells, we also examined the sub-
cellular fate of knocked-in WT-Cx43, the sorting-motif mutant YA/
VD-Cx43, and mutants S279A and S279D in CP43KDKI single cells. 
The results showed that, in single cells, the knocked-in WT-Cx43 and 
S279D colocalized discernibly with clathrin, whereas YA/VD-Cx43 
and S279A barely colocalized (Figure S6A). Together the data shown 
in Figures S5 and S6 suggest that the efficient assembly of YA/VD-
Cx43 and the inefficient assembly of WT-Cx43 and mutants S279A 
and S279D can be attributed neither to differential trafficking nor to 
differential degradation. These data further document that clathrin-
mediated endocytosis appears to be the predominant pathway to 
internalize WT-Cx43 and mutant S279D connexons in single cells, 
whereas mutant YA/VD-Cx43 and S279A connexons are likely inter-
nalized by a non–clathrin-mediated pathway.

Internalization and degradation of mutant YA/VD-Cx43
Intracellular vesicular puncta in cells expressing knocked-in YA/VD-
Cx43, the only mutant that formed gap junctions (Figure 6), were 
fewer, larger, and of diverse sizes that colocalized neither with ca-
veolin 1 nor with clathrin (Figure S6B). We therefore investigated 
whether this mutant was internalized in the form of annular gap 

FIGURE 7: Detergent solubility of knocked-in WT-Cx43 and its sorting motif and serine mutants. (A) CP43KD cells 
expressing knocked-in WT-Cx43 and various mutants were extracted in situ with 1% TX100 and immunostained for 
Cx43. Note that only knocked-in YA/VD-Cx43 (YA/VD) assembles into detergent-resistant gap junction puncta. Note 
also that intracellular puncta of knocked-in WT-Cx43 (WT) and all other mutants are lost upon extraction with 1% TX100. 
(B) Western blot analysis of Cx43 in Total (T), TX100-soluble (S), and TX100-insoluble (I) fractions from CP43KD cells 
expressing knocked-in WT-Cx43 and the mutants. Note that only cells expressing knocked-in YA/VD-Cx43 have a 
discernible detergent-insoluble fraction. The blots were stripped and reprobed for β-actin to verify equal loading.

Cell type

Junctional tracer

LY Alexa Fluor 488 Alexa Fluor 594

Capan-1 
(parental)

0 (21) 0 (24) 15.4 ± 3.3 (12)

CP43KD 0 (22) 0 (13) 0 (11)

CP43KDKI-
WT-Cx43

0 (32) 0 (19) 0 (8)

CP43KDKI-
S279A-Cx43

0 (24) 0 (14) 0 (10)

CP43KDKI-
S279D-Cx43

0 (23) 0 (24) 0 (9)

CP43KDKI-
YA/VD-Cx43

16 ± 6 (33) 18 ± 5 (21) 7 ± 1 (40)

Cells were seeded in 6-cm dishes and grown to 70% confluence. Junctional 
transfer was measured after microinjecting the indicated fluorescent tracers. 
The numbers of fluorescent cell neighbors (mean ± SE) were determined 1 min 
(LY), 3 min (Alexa Fluor 488), or 15 min (Alexa Fluor 594) after microinjection 
into the test cells. The total number of injection trials is shown in parentheses.

TABLE 1: Junctional transfer of various fluorescent tracers in parental 
Capan-1, CP43 knockdown (CP43KD) cells and in CP43KD cells 
expressing WT-Cx43 and various Cx43 mutants.
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colocalized with AP2 and Lamp1 both in single and contacting 
cells, we rationalized that cell–cell contact might determine the 
endocytic route of Cx43. To test this notion, we first determined 
whether intracellular vesicles in contacting BxPC3 and Capan-1 
cells were comprised of docked or undocked connexons or repre-
sented internalized miniscule annular gap junctions. To determine 
this, we first retrovirally expressed Cx43EGFP and Cx43mAPPLE in 
CP43KD and Bx43KD cells. We then cocultured Bx43KD cells ex-
pressing nearly equal levels of either Cx43EGFP or Cx43mAPPLE 
and, after allowing cells to aggregate as doublets in suspension, 
seeded them on glass coverslips (see Materials and Methods). We 
did the same for CP43KD cells infected with the constructs. The 
doublets of cells were examined 24 h after plating to quantify in-
tracellular puncta that contained either Cx43EGFP or Cx43mAP-
PLE alone or both. As a control, the same experiment was done 
with cocultures of the human prostate cancer cell line LNCaP ex-
pressing retrovirally introduced Cx43EGFP or Cx43mAPPLE. The 
results showed that, in both CP43KD and Bx43KD cells, the intrac-
ellular vesicular puncta contained either Cx43EGFP or Cx43mAP-
PLE alone, but not both (Figure 10B). In contrast, LNCaP cells 
formed gap junctions and intracellular vesicles composed of both 
Cx43EGFP and Cx43mAPPLE (Figure 10C).

junctions. We examined whether these intracellular puncta were re-
sistant to in situ extraction with 1% TX100. The results showed that 
the majority of intracellular puncta in YA/VD-Cx43–expressing cells 
was resistant to in situ extraction with TX100 (Figure 9A). To deter-
mine whether this mutant is targeted upon internalization for degra-
dation by autophagy, we starved these cells for various times in the 
absence and presence of bafilomycin A1, which inhibits autophagy 
(Klionsky et al., 2008; Sarkar et al., 2009; Mizushima et al., 2010). We 
found that this mutant was degraded upon starvation (Figure 9B). 
Moreover, this mutant was predominantly internalized in the form of 
annular gap junctions upon starvation, and the degradation was 
prevented upon treatment with bafilomycin A1 (Figure 9, A and B). 
In contrast, degradation of knocked-in WT-Cx43 was minimally af-
fected upon starvation and was not inhibited by bafilomycin A1 
(unpublished data). These results suggest that the mutant YA/VD-
Cx43 is predominantly internalized in the form of annular gap junc-
tions, most likely by a clathrin-independent pathway, and is likely 
degraded by autophagy.

Cell–cell contact and the endocytic itinerary of Cx43
Because discernible colocalization of Cx43 with clathrin and EEA1 
was observed only in single cells, and because Cx43 significantly 

FIGURE 8: Mutant S279A assembles into gap junctions only in the presence of WT-Cx43. (A) Bx43KD cells stably 
expressing knocked-in WT-Cx43, S279A, and S279D were transfected with WT-Cx43 along with EGFP and 
immunostained for Cx43 (red). Note that only mutant S279A is assembled into gap junctions upon expression of 
WT-Cx43. (B) Bx43KD cells stably expressing knocked-in S279A-Cx43 (S279A) or S279D-Cx43 (S279D) were transiently 
transfected with Myc-tagged WT-Cx43 (Cx43-Myc) and immunostained for Cx43 (red) and Myc (green). Note that total 
Cx43 and Myc colocalize extensively, but only mutant S279A is assembled into gap junctions.



Volume 24 March 15, 2013 Gap junction assembly | 725 

assembly of Cx43 is impaired in BxPC3 and Capan-1 cells because 
it is endocytosed by the clathrin-mediated pathway prior to its as-
sembly into gap junctions. Second, our findings demonstrate that 
assembly is restored by expressing a sorting-motif mutant of Cx43 
that cannot be endocytosed. Third, our results show that the phos-
phorylation on Ser-279 and Ser-282 disrupts gap junction assembly 
by inducing endocytosis of Cx43 by the clathrin-mediated pathway. 
Fourth, our study shows that Cx43 is assembled into gap junctions 
only when connexons are composed of forms that can be phospho-
rylated on Ser-279 and Ser-282 and forms in which phosphorylation 
on these serines is abolished. Finally, our results document that the 
endocytic itinerary of Cx43 is altered upon cell–cell contact: Cx43 
traffics by EEA1-negative endosomes in contacting cells versus 
EEA1-positive endosomes in single cells. Our results imply that en-
docytosis of connexons seems to be the major control point that 
determines gap junction size and growth.

Endocytosis of Cx43 and gap junction assembly
The use of human pancreatic cancer cell lines Capan-1 and BxPC3, 
which coexpressed Cx43 and Cx26 endogenously and in which ei-
ther both Cxs or only one of the two failed to assemble into gap 

To examine whether cell–cell contact alters the endocytic itiner-
ary of Cx43, we cocultured CP43KD and Bx43KD cells with cells 
expressing knocked-in Cx43EGFP. The cocultures were immuno-
stained for clathrin to examine whether clathrin colocalized with 
Cx43EGFP. We found that, in both CP43KD and Bx43KD cells ex-
pressing Cx43EGFP, no discernible colocalization of clathrin with 
Cx43 was observed in contacting cells (Figure 10A) but extensive co-
localization was observed in single isolated cells (unpublished data). 
Taken together, the above results suggest that cell-to-cell contact 
alters the endocytic itinerary of Cx43 and that intracellular vesicular 
puncta in contacting BxPC3 and Capan-1 cells are made up of 
undocked connexons.

DISCUSSION
Molecular cues that govern the assembly of Cxs into gap junctions 
upon arrival at the surface are poorly understood. Through two dif-
ferent approaches, based on the subcellular fate of Cx43 in single 
and contacting cells and on the knock down and knock in of 
WT-Cx43 and its various mutants, we have uncovered some novel 
aspects of the molecular circuitry that orchestrates the assembly and 
the disassembly of gap junctions. First, our study shows that the 

FIGURE 9: YA/VD-Cx43 is likely internalized in the form of annular gap junctions that are detergent resistant and 
degraded by autophagy. (A) Bx43KD and CP43KD cells expressing YA/VD-Cx43 were immunostained for Cx43 (green) 
and β-catenin (red). Cells were extracted in situ with 1% TX100 (b and d) or starved in PBS without (PBS e and g) or with 
bafilomycin A1 (BFL PBS+BFL, f and h) for 3 h. (B) CP43KD (left) or Bx43KD (right) cells expressing YA/VD-Cx43 were 
starved in PBS with or without bafilomycin A1 for the indicated times, and cell lysates were immunoblotted for Cx43. 
Note that the level of YA/VD-Cx43 decreases upon starvation, and the decrease is prevented by BFL. (A) Gap junctions 
at the areas of cell–cell contact are indicated by the pink arrows, whereas annular gap junctions are indicated by the 
white arrows. Note that both in normal medium and in PBS, the mutant YA/VD is internalized in the form of annular gap 
junctions and internalization is not prevented upon treatment with BFL.
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Restoration of defective gap junction assembly
Our results showed that transient, as well as stable, expression of 
the sorting-motif mutant YA/VD-Cx43 restored defective gap junc-
tion assembly in BxPC3 and Capan-1 cells expressing endogenous 
Cx43. Moreover, assembly was also restored upon expressing mu-
tants S279A, S282A, and S279/282A, which mimicked the nonphos-
phorylated state, but not upon expressing S279D, S282D, and 
S279/282D, which mimicked the phosphorylated state (Figure 5). 
Furthermore, restoration most likely occurred through the formation 
of heteromers with the endogenous Cx43 (Figures 4 and 5). These 
results raise intriguing issues with regard to the possible mecha-
nisms that dictate the assembly of Cx43 into gap junctions in these 
cell types. The most likely explanation for these data are that phos-
phorylation of Ser-279 or Ser-282 regulates sorting motif–mediated 
endocytosis and that gap junction assembly is enhanced due to the 
inhibition of endocytosis of connexons composed of heteromers of 
Cx43 and either YA/VD-Cx43, S279A, or S282A, permitting them to 
be incorporated in the plaque. This interpretation is supported by 
the fact that both Ser-279 and Ser-282 lie close to the proline-rich 

junctions, allowed us to address an important question: What are 
the intrinsic and extrinsic determinants that dictate the assembly of 
Cx43 into gap junctions in these cell lines, and what are their respec-
tive contributions? To explore the molecular basis of defective as-
sembly of Cx43 in BxPC3 and Capan-1 cells, we searched for motifs 
in Cx43 itself that might govern its assembly into gap junctions. We 
first discovered that Cx43 trafficked to the cell surface in both cell 
types but was endocytosed prior to its assembly into gap junctions 
by the clathrin-mediated pathway in a Rab5-dependent manner via 
a tyrosine-based sorting motif in its cytoplasmic tail that likely medi-
ated its interaction with the AP2 complex (Figures 1 and 2). Because 
both Cx26 and Cx32 assembled into gap junctions in BxPC3 cells, 
these results suggested that the defective assembly of Cx43 was not 
caused by spatial constraints imposed by extrinsic determinants, 
such as the expression of cell–cell adhesion molecules, which might 
have hindered the docking of connexons to form cell–cell channels 
and their subsequent clustering into gap junctions (Chakraborty 
et al., 2010; Musil, 2009; Musil et al., 1990; Wang and Mehta, 1995), 
but by the endocytosis of Cx43 itself.

FIGURE 10: Cell–cell contact and the subcellular fate of Cx43. (A) Cell–cell contact alters the endocytic itinerary of 
Cx43. Bx43KD and CP43KD cells stably expressing knocked-in WT-Cx43EGFP were cocultured with Bx43KD and 
CP43KD cells, and the cultures were immunostained for clathrin (red). Note that Cx43EGFP does not discernibly 
colocalize with clathrin when the Cx43EGFP-expressing cells are in contact with Cx43KD cells. Occasional puncta that 
seem to colocalize with clathrin are likely to be undocked connexons that were endocytosed from the noncontacting 
cell surface. (B) Cx43 connexons fail to dock upon arrival at the cell surfaces of BxPC3 and Capan-1 cells. Bx43KD and 
CP43KD cells stably expressing knocked-in WT-Cx43EGFP or WT-Cx43mAPPLE were seeded on glass coverslips, as 
described in Materials and Methods. After 24 h, cells were fixed, stained for 4′,6-diamidino-2-phenylindole (DAPI), and 
examined for colocalization of Cx43EGFP and Cx43mAPPLE. Note the absence of colocalization at the areas of cell–cell 
contact, as well as in the cytoplasm. (C) Cx43 is endocytosed as annular gap junctions in assembly-efficient LNCaP cells. 
LNCaP cells stably expressing Cx43EGFP or Cx43mAPPLE were cocultured for 24 h, fixed, stained for DAPI, and 
examined for the colocalization of Cx43EGFP and Cx43mAPPLE. Note that both gap junctions (red arrows) and 
intracellular vesicular puncta (white arrows) are composed of both Cx43EGFP and Cx43mAPPLE.
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in cells expressing S279D (Figure 8). Moreover, S279A and S282A, 
like YA/VD-Cx43, also restored gap junction assembly through 
the formation of heteromers with the WT-Cx43 (Figures 5 and 8). 
Fourth, retroviral expression of only YA/VD-Cx43 resulted in the for-
mation of gap junctions in Bx43KD and CP43KD cells and in assem-
bly-efficient LNCaP cells (Figure S5). Although not demonstrated 
directly, YA/VD-Cx43 connexons are likely to contain Cx43 forms 
that are both phosphorylated and not phosphorylated on Ser-279/
Ser-282. Moreover, cell surface biotinylation of YA/VD-Cx43, S279A, 
and S279D showed that they trafficked to the cell surface and were 
degraded with similar kinetics (Figure S5).

NEDD4 is a ubiquitin ligase that interacts with Cx43 via its 
tryptophan-tryptophan (WW) domains (Leykauf et al., 2006). 
NEDD4-dependent ubiquitylation of Cx43 could thus play a role in 
the failure of BxPC3 and Capan-1 to assemble Cx43-containing gap 
junctions. The WW2 domain of NEDD4 interacted with peptides 
containing the proline-rich tyrosine-based (PY) motif of Cx43 and 
was shown to have a slightly higher affinity for peptides with phos-
phoserines 279 and 282 than for their nonphosphorylated counter-
parts. However, the WW3 domain was speculated to be the domi-
nant mediator of the binding of NEDD4 to Cx43, and full-length 
Cx43 with phosphoserines 279 and 282 did not interact with the 
WW3 domain. The phosphorylation of Ser-279 and Ser-282 by MAP 
kinase (Warn-Cramer et al., 1996, 1998) has been thought to medi-
ate internalization of gap junctions in response to epidermal growth 
factor and tumor promoters (Kanemitsu and Lau, 1993; Leithe and 
Rivedal, 2004a, 2004b; Leithe et al., 2009; Solan and Lampe, 2008, 
2009). However, we found that S279A and S282A failed to assemble 
in both Bx43KD and CP43KD (Figures 6 and 7). In addition, we found 
YA/VD-Cx43 assembled efficiently into gap junctions in the knock-
down cells (Figures 6 and 7), in spite of the fact that Cx43-Y286A 
could still get ubiquitylated (Leykauf et al., 2006; Girao et al., 2009; 
Catarino et al., 2011). Thus the role that NEDD4 plays in the cells used 
in this study is unclear. Finally, the fact that gap junctions composed 
of mutant YA/VD-Cx43 in BxPC3 and Capan-1 cells appeared to be 
internalized in the form of annular junctions under both basal and 
starved conditions (Figure 9) suggests that clathrin-mediated endo-
cytosis by AP2 cannot account for the internalization of this mutant. 
The pathway by which YA/VD-Cx43 and S279A and S282A are inter-
nalized and degraded remains to be explored in future studies.

Endocytic itinerary of Cx43 and cell–cell contact
A salient aspect of our results was that a major fraction of Cx43 ap-
peared to reside in intracellular vesicles upon endocytosis. Despite 
this, discernible colocalization of Cx43 with clathrin and EEA1 was 
observed only in single cells—not in contacting cells (Figure 2). In 
contrast, in both single and contacting cells, Cx43 discernibly colo-
calized with AP2 and with Rab5, which is involved in clathrin-medi-
ated endocytosis and acts upstream of EEA1 (Bucci et al., 1992; 
Zerial and McBride, 2001; Semerdjieva et al., 2008; Figures 2 and 
S3). These results were intriguing, given the fact that Cx43 trafficked 
to the cell surface in both cell types, and nearly all the Cx43 resided 
in intracellular vesicles that could be extracted in situ with 1% TX100 
(Figures 1 and 7). Thus the intracellular vesicular puncta observed in 
these cells were not internalized annular gap junctions or aggre-
gates of Cx43 that were detergent-resistant but represented vesicles 
that trafficked via EEA1-negative endosomes in contacting cells en 
route to the lysosomes. As Cx43 also did not discernibly colocalize 
with caveolin 1 (Figure S2), one plausible explanation for these data 
is that undocked connexons, upon clathrin-mediated endocytosis in 
single cells, traverse via EEA1-positive endosomes, whereas docked 
connexons and small miniscule annular gap junctions—which may 

sorting motif of Cx43, and phosphorylation and dephosphorylation 
of serines near sorting motifs of many G-protein–coupled receptors 
have been shown to modulate their endocytosis by regulating their 
interaction with the AP2 complex (Pitcher et al., 1999; Bonifacino 
and Traub, 2003; Rapacciuolo et al., 2003; Chen et al., 2004; Kittler 
et al., 2005; Toshima et al., 2009; Traub, 2009; Moeller et al., 2010; 
Shukla et al., 2011). Moreover, Ser-279 and Ser-282 have previously 
been shown to be phosphorylated by MAP kinase (Warn-Cramer 
et al., 1996, 1998), which has been thought to mediate internaliza-
tion of gap junctions in response to epidermal growth factor and 
tumor promoters (Kanemitsu and Lau, 1993; Ruch et al., 2001; 
Leithe and Rivedal, 2004a, 2004b; Leithe et al., 2009; Solan and 
Lampe, 2008, 2009). Furthermore, our results showing lack of dis-
cernible colocalization of clathrin and EEA1 with Cx43 in single cells 
that expressed heteromers of Cx43 and mutant YA/VD-Cx43 (Figure 
4) but a robust colocalization in single cells that expressed only 
WT-Cx43 (Figures 2 and 4) lend further credence to the above no-
tion. In contrast with their lack of colocalization with clathrin and 
EEA1, connexons composed of either Cx43 alone or of both Cx43 
and YA/VD-Cx43, or S279A colocalized extensively with Lamp1, in-
dicating that all were degraded in the lysosome (Figure S6). More-
over, it seems highly unlikely that the restored gap junctions were 
formed of cell–cell channels composed of homomeric connexons 
containing only Cx43, YA/VD-Cx43, or S279A, because channels 
formed of heteromeric connexons of different Cx subtypes have 
been demonstrated to readily assemble into functional gap junc-
tions in diverse cell types (Jiang and Goodenough, 1996; Valiunas 
et al., 2001; Churko et al., 2010). Furthermore, in contacting cells 
that coexpressed endogenous Cx43 and YA/VD-Cx43 (Figure 4A) or 
mutant YA/VD-Cx43 alone (Figure S6B), only large vesicular Cx43 
puncta of diverse sizes were observed these did not colocalize with 
clathrin and caveolin 1 and may represent annular gap junctions.

Ser-279 and Ser-282 of Cx43 and gap junction assembly
A salient and the most striking result of our study is that gap junc-
tion assembly was induced only when connexons were composed 
of Cx43 forms that can be phosphorylated on Ser-279 and 
Ser-282 and forms in which phosphorylation was abolished (mutants 
S279A, S282A, and S279/282A). Gap junction assembly was 
impaired when connexons were predominantly composed of Cx43 
forms that mimicked the phosphorylation on Ser-279 and Ser-282 
and when connexons were composed of Cx43 forms in which phos-
phorylation on these residues was abolished (Figures 6–8). The 
most plausible interpretation of these data is that the phosphory-
lated Ser-279 and Ser-282 (either alone or together) in the Cx43 
cytoplasmic tail, previously documented to be the substrates for 
MAP kinase (Warn-Cramer et al., 1996, 1998), regulate junction as-
sembly not only by modulating endocytosis of connexons but also 
by influencing plaque growth by a mechanism(s) that remains to be 
defined. Several lines of evidence support this interpretation.

First, knock in of S279A, S282A, S279/282A, S279D, S282D, or 
S279/282D alone in Bx43KD and CP43KD cells did not induce gap 
junction assembly. Moreover, the assembly of S279A and S279D 
was also robustly attenuated in assembly-efficient LNCaP cells 
(Figure S5), which suggested that these mutants were able to as-
semble into small gap junction plaques, but the plaques either did 
not grow or failed to coalesce to form larger plaques. Second, tran-
sient expression of mutants S279A or S282A, but not mutants S279D 
or S282D, restored gap junction assembly in cells that expressed 
endogenous Cx43, and the effect was as robust as with YA/VD-Cx43 
(Figure 5). Third, expression of Myc-tagged, WT-Cx43 induced gap 
junction assembly in Bx43KD cells stably expressing S279A but not 



728 | K. E. Johnson et al. Molecular Biology of the Cell

single versus contacting cells. The nature of the vesicles used for 
the trafficking of internalized Cx43 in contacting cells and how the 
endocytic fate of Cx43 is modulated by cell–cell contact remain to 
be investigated in these cell types at ultrastructural levels.

Conclusions
Although phosphorylation of the cytoplasmic tail of Cx43 on specific 
serines and tyrosines by protein kinases has been documented to 
regulate the function of cell–cell channels in both tissues and cell 
lines, evidence regarding its role in the assembly and disassembly of 
gap junctions has been correlative, and no coherent theme has yet 
emerged (Laird, 2005; Solan and Lampe, 2009). Our results demon-
strate that phosphorylation on Ser-279 and Ser-282 not only disrupts 
gap junction assembly by triggering endocytosis of Cx43 prior to its 
assembly but also likely regulates plaque growth. Earlier pioneering 
studies of Musil and Goodenough demonstrated the existence of 
plaque-associated and detergent-resistant multiple phosphorylated 
forms of Cx43 and postulated these forms to be involved in the es-
tablishment and/or maintenance of gap-junctional plaques (Musil 
et al., 1990; Musil and Goodenough, 1991). Our results, showing 
that gap junction assembly is induced only when connexons are 
composed of Cx43 forms that can be phosphorylated and forms 
that cannot be phosphorylated on Ser-279 and Ser-282, provide di-
rect evidence for this role. Our results, however, do not exclude the 
important role of phosphorylation and dephosphorylation of other 
serines in the cytoplasmic tail of Cx43, for example, Ser-365, Ser-364, 
and Ser-368, in determining gap junction assembly and disassembly 
(Solan et al., 2007; Solan and Lampe, 2008, 2009; TenBroek et al., 
2001). Because Ser-279 and Ser-282 have also been found to be 
phosphorylated by multiple signaling pathways (Solan and Lampe, 
2008), a question that remains to be answered is how the stoichiom-
etry of heteromerization of the various phosphoforms of Cx43 and 
the differential phosphorylation and dephosphorylation of these 
sites is fine-tuned to control plaque growth and dynamics in BxPC3 
and Capan-1 cells. It also remains to be determined whether this 
mechanism is used in normal cells in vitro and in vivo to regulate gap 
junction assembly. On the basis of our studies, we propose that en-
docytosis of connexons is the major control point that determines 
gap junction size and growth (as summarized in Figure 11).

MATERIALS AND METHODS
Cell culture
Several human pancreatic tumor cell lines were used initially to 
screen for the expression of Cx26, Cx32, Cx36, and Cx43 by RT-PCR 
(unpublished data). The cell lines were a gift from Surinder K. Batra 
(Department of Biochemistry and Molecular Biology, University of 
Nebraska Medical Center). For subsequent studies, two human pan-
creatic cancer cell lines, BxPC3 (CRL-1687) and Capan-1 (HTB-79), 
were purchased from the American Type Culture Collection (ATCC, 
Manassas, VA). The characterization of these cell lines has been de-
scribed (Tan et al., 1986; Fanjul and Hollande, 1993). BxPC3 and Ca-
pan-1 cells were grown, respectively, in RPMI 1640 and DMEM 
(GIBCO, Grand Island, NY) containing 5% fetal bovine serum (FBS; 
Sigma-Aldrich, St. Louis, MO) in an atmosphere of 5% CO2 at 37°C. 
Stock cultures were maintained weekly by seeding 5 × 105 cells per 
10-cm dish in 10 ml of complete culture medium with a medium 
change at day 3 or 4. New stocks were initiated every 3 mo from cells 
frozen in liquid nitrogen. The retroviral packaging cell lines EcoPack 
and PTi67 were grown as described previously (Mehta et al., 1999; 
Mitra et al., 2006). BxPC3 and Capan-1 cells were infected with 
various recombinant retroviruses, and pooled polyclonal cultures 
from ∼2000 colonies were grown and maintained in complete medium 

not have been resolved immunocytochemically—traverse via vesi-
cles that are EEA1-negative. Although highly unlikely, sporadic colo-
calization of intracellular Cx43 with clathrin observed in contacting 
cells may represent clathrin-coated secretory vesicles (Bonifacino, 
2004; Weisz and Rodriguez-Boulan, 2009; Gravotta et al., 2012).

When Bx43KD and CP43KD cells expressing either Cx43EGFP or 
Cx43mAPPLE were cocultured, we did not observe vesicles contain-
ing both Cx43EGFP and Cx43mAPPLE, suggesting that the vesicles 
arose predominantly from undocked connexons (Figure 10B). More-
over, in cocultures with knockdown cells, we saw no discernible colo-
calization of clathrin with Cx43 in contacting cells (Figure 10A), in 
contrast with robust colocalization seen in single cells. One interpre-
tation of these results is that the endocytic itinerary of Cx43 is altered 
upon cell–cell contact, such that, after clathrin-mediated endocyto-
sis, Cx43 traffics by EEA1-negative endosomes in contacting cells 
and by EEA1-positive endosomes in single cells. It is also possible 
that the spatiotemporal characteristics of clathrin coats of endocytic 
vesicles in contacting cells are different from those in single cells, 
such that they cannot be discerned in the captured static images of 
contacting cells. The existence of at least two modes of endocytic 
coat formation at the plasma membrane—classical clathrin-coated 
pits and clathrin-coated plaques with distinct spatiotemporal charac-
teristics—has been described (Saffarian et al., 2009). It is worth con-
sidering that the connexons, unlike other well-studied transmem-
brane proteins, such as growth factor receptors and G-protein–coupled 
receptors (Moore et al., 2007; Shenoy and Lefkowitz, 2011), are hex-
amers of Cxs, which are known to interact with cytoplasmic proteins—
that are also part of other junctional complexes—and are recruited to 
the site of cell–cell contact upon cell–cell adhesion (Laird, 2010; 
Herve et al., 2012). Thus, although there is no coherent theme for the 
roles of these proteins in junction assembly or disassembly, these at-
tributes of connexons might impose unique spatial constraints on the 
endocytic machinery, causing Cxs to follow a noncanonical endocytic 
route in contacting cells but not in single cells (Boulant et al., 2011; 
McMahon and Boucrot, 2011; Sigismund et al., 2012).

Recent findings have shown that, upon internalization, cell sur-
face–associated Cxs are degraded by autophagy and that inhibi-
tion of autophagy stabilizes the cell surface–associated pool of Cxs 
(Hesketh et al., 2010; Lichtenstein et al., 2011; Bejiarno et al., 
2012; Fong et al., 2012). Given the fact that the plasma membrane 
has now been shown to contribute to the formation of preautopha-
gosomal structures (Ravikumar et al., 2010), it is tempting to spec-
ulate that cell–cell contact dictates the choice of the endocytic 
itinerary of Cx43, such that it traffics from noncontacting surfaces 
by EEA1-positive endosomes, whereas it is linked from contacting 
surfaces to vesicles destined to fuse with autophagosomes. Recent 
studies have identified the existence of a new class of early endo-
somes that bear the membrane adaptor proteins APPL1 and APPL2 
(Miaczynska et al., 2004). These endosomes have been shown to 
be the precursors of EEA1-positive endosomes (Zoncu et al., 2009). 
Many transmembrane proteins have been demonstrated to inter-
act with APPL1 and APPL2, which have been shown to act not only 
as effectors of Rab5 (Zhu et al., 2007) but also as dynamic scaffolds 
that modulate Rab5-associated signaling (Caruso-Neves et al., 
2006; Mao et al., 2006; Varsano et al., 2006; Chial et al., 2008). 
Earlier studies had demonstrated or assumed that Cx43, after be-
ing endocytosed by the clathrin-mediated pathway, trafficked via 
EEA1-positive early endosomes to lysosomes for degradation 
(Leithe et al., 2006, 2009; Piehl et al., 2007; Gumpert et al., 2008; 
Nickel et al., 2008). Although it is as yet unknown how endocytic 
vesicles are directed to the autophagosomes, our results provide a 
plausible explanation for the distinct endocytic routes of Cx43 in 
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containing G418 (200 μg/ml), puromycin (0.5 μg/ml for BxPC3 and 1 
μg/ml for Capan-1), or G418 plus puromycin (see Recombinant DNA 
constructs and retrovirus production and infection). 

Antibodies and immunostaining
Rabbit polyclonal and mouse monoclonal antibodies against Cx43 
and Cx32 and mouse anti-GM130, mouse anti-clathrin heavy chain, 
mouse anti–β-catenin, and rabbit anti–β-actin have been described 
previously (Mitra et al., 2006; Chakraborty et al., 2010; Govindarajan 
et al., 2010). A mouse monoclonal antibody against human Cx26 
(13–8100) was purchased from Zymed Laboratories (San Francisco, 
CA). Mouse anti–caveolin 1 (610058), anti–caveolin 2 (610684), and 
anti-EEA1 (610457) were purchased from BD Transduction (San 
Jose, CA). We also used mouse monoclonal antibodies against 
Lamp1 (SC-20011; Santa Cruz Biotechnology, Santa Cruz, CA), 
c-Myc (MMS-150P; Covance, Princeton, NJ), and GFP (Roche India-
napolis, IN). A monoclonal antibody against human desmoglien-2 
was a gift from James E. Wahl (Department of Oral Biology, Univer-
sity of Nebraska Medical Center).

For immunostaining, 5 × 105 BxPC3 and 4 × 105 Capan-1 cells 
were seeded on glass coverslips in six-well clusters and allowed to 
grow for 72 h, after which they were fixed with 2% paraformaldehyde 
and immunostained as described previously (Chakraborty et al., 
2010; Govindarajan et al., 2010). Anti-rabbit and anti-mouse second-
ary antibodies, conjugated with Alexa Fluor 488 or Alexa Fluor 594 
(Invitrogen), were used as appropriate. Immunostained cells were 
mounted on glass slides in SlowFade antifade (Invitrogen, Carlsbad, 
CA) medium. Images of immunostained cells were acquired with a 

Leica DMRIE microscope (Leica Microsystems, Wetzler, Germany) 
equipped with a Hamamatsu ORCA-ER2 CCD camera (Hamamatsu 
City, Japan) using a 63× oil objective (numerical aperture 1.35). 
Colocalization was measured in Z-stacked images taken 0.3 μm 
apart using the commercial image analysis program Volocity 6.0.1 
(Improvision, Lexington, MA). Saturation of the detector, which would 
alter background adjustment, was prevented by minimizing expo-
sure of each fluorescently tagged antibody during acquisition. A 
background-corrected Pearson’s r was used to determine fluores-
cence colocalization as previously described (Barlow et al., 2010)

Detergent extraction and Western blot analysis
BxPC3 (3 × 106) and Capan-1 (2 × 106) cells were seeded in replicate 
10-cm dishes with 10 ml of complete medium per dish. Cells were 
grown for 72 h. Cell lysis, detergent solubility assay with 1% Triton 
X-100 (TX100), and Western blot analysis were performed as 
described previously (Mitra et al., 2006; Chakraborty et al., 2010; 
Govindarajan et al., 2010). For the analysis of detergent-soluble and 
detergent-insoluble fractions by SDS–PAGE, normalization was 
based on equal cell number. For the detergent extraction of live 
cells in situ, BxPC3 and Capan-1 cells were seeded in six-well clus-
ters containing glass coverslips at a density of 5 × 105 and 4 × 105 
cells per well, respectively. After 72 h, cells were extracted in situ 
with 1% TX100 in isotonic medium (30 mM HEPES, pH 7.2, 140 mM 
NaCl, 1 mM CaCl2, 1 mM MgCl2) supplemented with protease in-
hibitor cocktail (Sigma-Aldrich) for 60 min at 4ºC and then fixed and 
immunostained essentially as described previously (Govindarajan 
et al., 2002, 2010; Chakraborty et al., 2010).

FIGURE 11: (A) In single cells, and from cell surfaces that are not in contact with other cells, connexons are 
endocytosed by clathrin-coated pits, which are directed toward the lysosomes for degradation by Rab5 via EEA1-
positive endosomes. (B) Cell–cell contact is assumed to recruit various cell junction–associated proteins to the cell 
surface, where they establish a direct or an indirect link between the connexons and the actin cytoskeleton. From 
cell–cell contact areas, connexons are postulated to be endocytosed via clathrin-coated plaques, which are directed 
toward the lysosomes by Rab5 via noncanonical endosomes and intermediate vesicles yet to be characterized. 
(C) Phosphorylation of Cx43 on S279 and S282 induces connexon endocytosis via the clathrin-mediated pathway by 
enhancing Cx43’s interaction with the AP2 complex, which is postulated to attenuate gap junction assembly. (D) Gap 
junction assembly is robustly induced when the interaction of the AP2 complex with the sorting motif is abolished 
through mutation or through dephosphorylation of Ser-279 and Ser-282 of some, but not all, connexin molecules in a 
connexon. It is postulated that the stoichiometry of phosphorylation and dephosphorylation of Ser-279 and Ser-282 of 
some connexin molecules in a connexon determines gap junction size, not only by regulating connexon endocytosis, but 
also by facilitating connexon–connexon docking to form cell–cell channels and their subsequent incorporation into 
gap-junctional plaques. Inhibition of clathrin-mediated endocytosis of connexons triggers internalization via the 
formation of annular gap junctions. ACJBPS = actin and cell junction binding proteins AGJs = annular gap junctions 
CAM = cell adhesion molecule CCP = clathrin-coated pit CCPL = clathrin-coated plaque CCV and CCVS = clathrin-
coated vesicles ENDO = endosome, LYS = lysosome YA/VD = sorting motif mutant Cx43.
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were multiply (two to four times) infected with various recombi-
nant retroviruses produced from PTi67 cells and selected in either 
G418 (400 μg/ml) or puromycin (1 μg/ml for BxPC3 and 2 μg/ml 
for Capan-1) for 2–3 wk in complete medium. Pooled cultures 
from ∼2000 colonies obtained from three to four dishes were 
expanded, frozen, and maintained in selection media containing 
G418 (200 μg/ml) and in G418 plus puromycin (1 μg/ml) for CP43KD 
and Bx43KD cells expressing the knocked-in constructs. Pooled 
polyclonal cultures were used within two to three passages for 
immunocytochemical and biochemical analyses.

Cell transfection
Twenty-four hours prior to transfection, Capan-1 (1.5 × 106) and 
BxPC3 (106) cells were seeded on glass coverslips in six-well clusters. 
Cells were transfected with various plasmids in duplicate using 
Fugene (Roche Diagnostics) according to the manufacturer’s instruc-
tions. For transfection of single plasmids, 2 μg of plasmid DNA was 
used per well. For cotransfection of two plasmids, pEGFP (0.5 μg) 
and the plasmid DNA (1.5 μg), containing the gene whose expression 
was to be detected were mixed. Expression was analyzed 16–24 h 
posttransfection after cells were fixed and immunostained with the 
desired antibodies as previously described (Mitra et al., 2006).

Yeast two-hybrid analysis
To test for the direct interaction of Cx43 with the μ2 subunit of 
AP-2 complex, we used yeast two-hybrid analysis (BD Biosciences/
Clontech, Franklin Lakes, NJ). Briefly, the cytoplasmic tail of Cx43 
(residues 240–382) was cloned into the EcoRI and BamHI sites of 
pGBKT7 to give pGBKT743-WT. Site-directed mutagenesis was 
then used to generate pGBKT743-Y286A, pGBKT743-V289D, and 
pGBKT743-Y286A/V289D. pGADT7-T containing the μ2 subunit of 

Cell surface biotinylation assay
BxPC3 (5 × 105) and Capan-1 (4 × 105) cells were seeded in 6-cm 
dishes in replicate and grown to 70–80% confluence. The biotinyla-
tion reaction was performed at 4°C using freshly prepared EZ-
LinkSulfo-NHS-SS Biotin reagent (Pierce, Rockford, IL) at 0.5 mg/ml 
in phosphate-buffered saline (PBS) supplemented with 1 mM CaCl2 
and 1 mM MgCl2 (PBS-PLUS) for 1 h. The reaction was quenched 
with PBS-PLUS containing 20 mM glycine, and cells were lysed as 
described previously (Govindarajan et al., 2002, 2010; Chakraborty 
et al., 2010). The affinity precipitation of biotinylated proteins was 
performed with 200 μg of total protein using 100 μl of streptavidin-
agarose beads (Pierce) on a rotator overnight at 4°C. The streptavi-
din-bound biotinylated proteins were eluted and resolved by SDS–
PAGE followed by Western blotting as described previously 
(Govindarajan et al., 2002, 2010; Chakraborty et al., 2010). The kinet-
ics of degradation of cell surface–associated Cx43 was determined 
as follows: after biotinylation, washing, and quenching of biotin, 
biotinylated proteins were chased at 37°C for various times before 
affinity precipitation with streptavidin. These methods have been 
described in our earlier studies (Govindarajan et al., 2010). The pro-
tein concentration was determined using the BCA reagent (Pierce).

Recombinant DNA constructs and retrovirus production 
and infection
Wild-type rat Cx43 and its various mutants were cloned into 
pcDNA3.1 and the retroviral vector pLXSN using PCR cloning and 
standard recombinant DNA protocols. Mutants were generated by 
site-directed mutagenesis using a QuikChange kit (Stratagene, 
La Jolla, CA) according to the manufacturer’s instructions. WT-Cx43 
and its various mutants tagged in-frame with green (EGFP) fluores-
cent protein and with a Myc epitope were constructed using pEGFP-
N1 and pMyc-CMV (Clontech, Mountain View, CA). All constructs 
were verified by DNA sequencing (ACGT, Wheeling, IL). These mu-
tants are shown in Figure 12. For construction of an EGFP-tagged μ2 
subunit of AP2 complex, a fragment of mouse μ2 corresponding to 
that in clone 3 μ2 (Ohno et al., 1995) was tagged at the N-terminus 
with mEGFP (GFPμ2). Rat Cx43 tagged in-frame with mAPPLE was a 
gift from Matthias Falk (Department of Biological Sciences, Lehigh 
University). The source of the retroviral vector pSUPER.retro.puro 
and the construction of the retroviral vector LXSNCx32 have been 
described in our earlier studies (Mitra et al., 2006; Chakraborty et al., 
2010). Rab5 and their constitutively active (pRab5Q67L) and domi-
nant-negative (pRab5S34N) mutants tagged with EGFP were a gift 
from Steve Caplan (Department of Biochemistry and Molecular Biol-
ogy, University of Nebraska Medical Center).

The retroviral vectors were used to produce recombinant retrovi-
ruses in EcoPack and PTi67 packaging cell lines as follows. EcoPack 
(Clontech) cells were seeded in duplicate at a density of 106 cells per 
10-cm dish. The cells were transfected with 20 μg of retroviral vec-
tors (plasmids) using Fugene for 6 h (Roche). The medium was 
replaced with 10 ml of fresh medium, and cells were incubated for 
additional 48 h, after which the medium containing the recombinant 
retrovirus was collected and filtered (0.45 μM; Millipore, Billerica, 
MA). For production of recombinant retrovirus for infection of 
target cells, amphotropic PTi67 cells were infected with the 
transiently produced recombinant retrovirus from EcoPack and se-
lected in G418 (400 μg/ml), when infected with LXSN constructs, 
or puromycin (1 μg/ml), when infected with pSuper.retro.puro. 
The recombinant retrovirus produced from the pooled polyclonal 
cultures of PTi67 cells was assayed for the virus titer by colony-
forming units as previously described (Mehta et al., 1991). PTi67 
cells producing the virus were frozen. BxPC3 and Capan-1 cells 

FIGURE 12: Diagram of the Cx43 constructs. Shown are the maps of 
wild-type and mutant Cx43 cloned into pcDNA (PC) and retroviral 
vector LXSN (LX), as indicated on the left. The constructs are tagged 
either with Myc or with red or green fluorescent proteins. The regions 
indicated are as follows: the proline rich region (PY) is pink, whereas 
the tyrosine-based sorting motif is green. The amino acid sequence of 
each indicated region is shown above each construct. Mutated 
residues are highlighted by red letters, and the relative position of 
each mutant is marked by blue circles. The amino and the carboxyl 
termini are indicated by N and C, respectively.
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Single-cell and coculture experiments
For the single-cell experiments shown in Figures 2, S3, 4, and S6, 
BxPC3 and Capan-1 cells were seeded in six-well clusters at a den-
sity of (2–5) × 103 cells per well in 2 ml of complete culture medium 
as previously described (Govindarajan et al., 2010). For the cocul-
ture experiments shown in Figure 10, Cx43EGFP or Cx43mAPPLE 
was introduced into Bx43KD and CP43KD cells using LXCx43EGFP 
and LXCx43mAPPLE, and pooled polyclonal cultures expressing 
each construct were established separately upon selection in 
G418, as described above. Bx43KD and CP43KD cells expressing 
either Cx43EGFP or Cx43mAPPLE were suspended in medium 
and then mixed together in a 1:1 ratio and allowed to aggregate in 
suspension for 4 h at 37°C in an atmosphere of 5% CO2 to maxi-
mize the formation of doublets, triplets, and quadruplets. After 
4 h, these cells were plated into six-well clusters at a density of 
105 cells per well. After 20 h, cells were fixed and mounted on 
slides. For coculture experiments with the human prostate cancer 
cell line LNCaP, cells were infected with the retroviruses containing 
Cx43EGFP or Cx43mAPPLE, and cells expressing them were cocul-
tured using the approach described above for BxPC3 and Capan-1 
cells. To examine whether cell–cell contact determines Cx43 colo-
calization with clathrin, Bx43KDKI and CP43KDKI cells expressing 
Cx43EGFP were cocultured with Bx43KD and CP43KD cells at a 
ratio of 1:4, as described above, and colocalization of Cx43 with 
clathrin was determined upon immunostaining.

Quantitation of gap junction assembly/restoration
For quantifying gap junction assembly, pEGFP (0.5 μg) and the wild-
type or mutant cDNAs (1.5 μg) were cotransfected into BxPC3, 
Capan-1, Bx43KD, and CP43KD cells as described above in Cell 
transfection. After 16–24 h, pairs of cells expressing equal levels of 
EGFP (as assessed visually) were counted for the formation of gap 
junctions, as exemplified by Figure 3. The percentage of cells with 
restored gap junctions was determined by counting 15–20 EGFP-
expressing cells.

Communication assays
Gap-junctional communication was assayed by microinjecting fluo-
rescent tracers LY (Lucifer Yellow; MW 443 Da lithium salt), Alexa 
Fluor 488 (MW 570 Da A-10436), or Alexa Fluor 594 (MW 760 Da 
A-10438), and by the scrape-loading assay as previously described 
(Govindarajan et al., 2002, 2010; Chakraborty et al., 2010; Kelsey 
et al., 2012). All Alexa dyes were purchased as hydrazide sodium salts 
from Molecular Probes (Carlsbad, CA), and stock solutions for micro-
injection were prepared in water at 10 mM. Eppendorf InjectMan and 
FemtoJet microinjection systems (models 5271 and 5242; Brinkmann 
Instrument, Westbury, NY) mounted on a Leica DMIRE2 microscope 
were used to microinject the fluorescent tracers. Junctional transfer 
of fluorescent tracers was quantitated by scoring the number of fluo-
rescent cells (excluding the injected one) from the captured TIFF im-
ages either at 1 min (LY), 3 min (Alexa 488), or 15 min (Alexa 594) after 
microinjection into test cells as previously described (Mehta et al., 
1986, 1999; Mitra et al., 2006; Chakraborty et al., 2010). Cells were 
scrape-loaded in 1 ml of medium containing rhodamine-conjugated 
fluorescent dextrans (10 kDa, 1 mg/ml, fixable) and LY (0.5%) essen-
tially as previously described (Govindarajan et al., 2010).

AP2 complex was a gift from Steve Caplan (Biochemistry and Mole-
cular Biology, University of Nebraska Medical Center). These plas-
mids were used to transform Saccharomyces cerevisiae strain AH109 
(BD Biosciences/Clontech) by the lithium acetate procedure, using 
the MATCHMAKER two-hybrid kit (BD Biosciences/Clontech) essen-
tially as described (Naslavsky et al., 2006).

Immunoprecipitation
For the coimmunoprecipitation experiments shown in Figure 4, 
HeLa cells, grown to 50% confluence in 10-cm dishes, were trans-
fected with 10 μg of pcDNACx43EGFP, pcDNACx43-Myc, pcDNA-
Y286A/V289D-Cx43-Myc (YA/VD-Cx43-Myc), and pcDNA-YA/VD-
Cx43-EGFP (YA/VD-Cx43EGFP) either alone or in combination. 
Twenty-four hours posttransfection, cells were harvested and lysed 
as described above in Detergent extraction and Western blot 
analysis. Following lysis and protein estimation, 1 mg of total pro-
tein was precleared with the Control Agarose Resin in the Pierce 
Co-IP Kit (Pierce) at 4°C for 1 h with gentle end-over-end mixing. 
The precleared lysate was then added to AminoLink Plus Coupling 
Resin, containing covalently bound monoclonal-GFP antibody 
(Roche) and incubated at 4°C for 16 h with gentle end-over-end mix-
ing. After incubation, the GFP resin was washed three times in im-
munoprecipitation/wash buffer (Pierce) for 10 min with gentle shak-
ing. Bound proteins were eluted from the GFP resin using the Co-IP 
kit elution buffer, containing primary amines (Pierce). For Western 
blot analysis, 5X reducing lane Marker Sample Buffer (Pierce) was 
added to the eluted samples to a final concentration of 1X. Pull 
down was assessed by Western blotting with monoclonal-Myc 
antibody.

Connexin43 knockdown
Accell small interfering RNAs (siRNAs) with target sequences to the 
3′ UTR of human Cx43 were purchased from Dharmacon/Thermo 
Scientific (Lafayette, CO). BxPC3 cells were seeded at a density of 8 × 
104 cells per well in a 12-well cluster and, after 24 h, were transfected 
with the siRNAs using Oligofectamine according to the manufactur-
er’s instructions (Invitrogen). Cells were incubated in the transfection 
medium mixture for 72 h, after which the medium was replaced with 
complete RPMI medium, and the cells were allowed to grow for an 
additional 24 h. Cells were harvested and lysed as described above, 
and knockdown was assessed by Western blot analysis.

The most potent Cx43 siRNA was selected and used to con-
struct an shRNA. As a control, a scrambled sequence of the Cx43 
siRNA was generated using siRNA Wizard software (InvivoGen, 
San Diego, CA). The shRNA oligos were purchased from Inte-
grated DNA Technologies (Coralville, IA). The retroviral vector, 
pSUPER.retro.puro (OligoEngine, Seattle, WA), was used to pro-
duce shRNAs with the scrambled (Sh-Scr) Cx43 sequence (5′-GC-
UAUAGGAUACGGAUAAU-3′) and Cx43-targeting (Sh-Cx43) 
sequence (5′-GUAGUGGAUUCAAAGAACU-3′) according to 
the manufacturer’s instructions. The knockdown efficiency was 
assessed by transient transfection of these plasmids in BxPC3 
and Capan-1 cells followed by Western blot and immunocy-
tochemical analysis, as described above. After verification of 
knockdown, recombinant retroviruses containing Sh-Scr and 
Sh-Cx43 were produced in PTi67 cells, as described above. For 
stable knockdown, BxPC3 and Capan-1 cells were multiply in-
fected with the recombinant retroviruses, and pooled polyclonal 
cultures were established as described in Recombinant DNA 
Constructs and retrovirus production and infection. Stable Cx43 
knockdown BxPC3 and Capan-1 cells were designated as 
Bx43KD and CP43KD, respectively.
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Figure S1. Cx26 and retrovirally expressed Cx32 are differentially 

assembled into gap junctions in BxPC3 and Capan-1 cells.  A.  Cells were 
immunostained for Cx26 and Cx32.  Note that in BxPC3 both Cxs are 
assembled into gap junctions whereas in Capan-1 cells, they are not. B. 
Western blot analysis of lysates from BxPC3 and Capan-1 cells and of lysates 
from BxPC3 and Capan-1 cells retrovirally transduced with Cx32 (Retro-Cx32).  
Note that all Cxs are expressed abundantly in both cell types.  C.  Western blot 
analysis of Cx32 and Cx26 in Total (T), TX100-soluble (S), and TX100-
insoluble (I) fractions of cell lysates in BxPC3 and Capan-1 cells.  Note that a 
major fraction of both Cxs is TX100-insoluble in BxPC3 cells but the Cxs 
remain soluble in Capan-1 cells. The blots were also stripped and re-probed 
for β-actin.  



Figure S2. A. Colocalization of Cx43 with various markers.  A.  Colocalization of Cx43 
with the secretory markers GM130 and caveolin2 and with the endocytic marker caveolin-1 
(Cav1).  BxPC3 and Capan-1 cells were immunostained for Cx43 (red) and various 
markers (green).  B. Cx43 (red) extensively co-localizes with Lamp1 (green).  For A and B, 
enlarged images of the boxed regions are shown on the right. C.  Co-localization of Cx43 
with various endocytic and secretory markers was quantitated by calculating the Pearson’s 
coefficient (see Materials and Methods).  The highest Pearson’s coefficient (0.8) was 
obtained in cell images of cells immunostained with monoclonal and polyclonal antibodies 
targeting Cx26 using monoclonal and polyclonal antibodies followed by detection with 
Alexa-594 and Alexa-488-conjugated secondary antibodies (Cx-R/G).  Note that significant 
co-localization with Cx43 is measured for only Lamp1 (0.4).  The Pearson coefficients 
graphed are averaged from 10 separate images from 2 separate experiments. 
CLT=clathrin.  



Figure S3.  Cx43 is internalized by the clathrin-mediated pathway in Rab5 

dependent manner.  A.  Cells were transfected with GFP-tagged Rab5-WT, 
dominant active Rab5 (Rab5-DA) or dominant negative Rab5 (Rab5-DN) and 
immunostained for Cx43.  Note the disappearance of Cx43 puncta (red) in cells 
expressing Rab5-DN (green).  B.  Intracellular puncta were quantified in BxPC3 
cells expressing Rab5-WT and Rab5-DN.  Puncta from 15-20 cells were counted 
from two separate experiments.  Blue and orange represent puncta from 
transfected and control cells, respectively. C.  Cx43 co-localizes with Lamp1 but 
not with caveolin1 (Cav1) in single cells.  Cells were immunostained for Cx43 
(green) and either for Lamp1 or Cav1 (red). Note discernible co-localization of 
Cx43 with Lamp1 as shown in the enlarge image of the boxed region on the right. 



Figure S3.  Cx43 is internalized by the clathrin-mediated pathway in Rab5 

dependent manner.  A.  Cells were transfected with GFP-tagged Rab5-WT, dominant 
active Rab5 (Rab5-DA) or dominant negative Rab5 (Rab5-DN) and immunostained for 
Cx43.  Note the disappearance of Cx43 puncta (red) in cells expressing Rab5-DN 
(green).  B.  Intracellular puncta were quantified in BxPC3 cells expressing Rab5-WT 
and Rab5-DN.  Puncta from 15-20 cells were counted from two separate experiments.  
Blue and orange represent puncta from transfected and control cells, respectively. C.  
Cx43 co-localizes with Lamp1 but not with caveolin1 (Cav1) in single cells.  Cells were 
immunostained for Cx43 (green) and either for Lamp1 or Cav1 (red). Note discernible 
co-localization of Cx43 with Lamp1 as shown in the enlarge image of the boxed region 
on the right. 



Figure S4.  Knock-down of Cx43 in BxPC3 and Capan-1 cells with ShRNA.   
AB.  Lysates from Capan-1 and BxPC3 cells, expressing shRNA-Cx43 (Sh-Cx43) 
and ShRNA-Scr (Sh-Scr), were immunoblotted for Cx43.   Note the robust knock 
down of Cx43.  β-actin was used as a loading control.  B.  Cx43 knock-down has 
no off-target effects.  The expression of seven junction- or cytoskeleton-
associated proteins in Capan-1 expressing Sh-Cx43 and Sh-Scr was analyzed by 
Western blotting.  The shRNA-Cx43 did not knock-down any of the indicated 
proteins except Cx43. C & D.  Parental Capan-1 cells, knockdown cells and 
knockdown cells expressing one of the Cx43 mutants were microinjected with 
Alexa Fluor 594 (C) or scrape-loaded (D) with rhodamine-conjugated dextran (R-
DEX) and Lucifer Yellow (LY).  Note that only cells expressing the sorting-motif 
mutant YA-VD-Cx43 show cell-cell transfer of fluorescent tracers.  The 
microinjected cells are indicated by the white arrows.  



Figure S5.  A.  LNCaP cells stably expressing WT-Cx43 or the indicated mutants 

were immunostained for Cx43.  Note that YA/VD-Cx43 forms large gap junctions 
whereas the mutants S279A and S279D form smaller gap junctions and contain many 
intracellular puncta. B & C.  Trafficking and the kinetics of degradation of WT-Cx43 and 
the various mutants.  CP43KD cells stably expressing knocked-in WT-Cx43 (WT), 
sorting-motif mutant YA/VD-Cx43 (YA/VD) or the indicated serine mutants were cell-
surface biotinylated.  Biotinylated proteins were pulled down by immobilized Streptavidin 
(Pull), and immunoblotted for Cx43 (B). Note that knocked-in WT-Cx43 and all the 
mutants are biotinylated. C. CP43KD cells expressing knocked-in WT-Cx43 or its 
mutants were biotinylated at 4ºC and the kinetics of degradation were determined by 
incubating cells for various times at 370C.  Note that WT-Cx43 and the mutants are 
degraded with similar kinetics.  Biotinylation of Desmoglien-2 (Dsg-2), a desmosome-
associated protein, was used as a control.  For the input, 10 µg of total protein was used 
and probed for Cx43.  



Figure S6.  A. Subcellular fate of knocked-in WT-Cx43 and its mutants in 

CP43KD cells.  A. CP43KD cells stably expressing knocked-in WT-Cx43 (WT), 
YA/VD-Cx43 (YA/VD), S279A or S279D were seeded at single cell density (see 
Materials and Methods) and immunostained for Cx43 (red), clathrin and Lamp1 
(green).  Note that WT-Cx43 and S279D co-localize robustly with clathrin whereas 
YA/VD-Cx43 and S279A do not discernibly co-localize.  Note also that WT-Cx43 and 
all mutants co-localize extensively with Lamp1.  B.  Gap junctions composed of 
knocked-in sorting-motif mutant YA/VD-Cx43 (YA/VD) in CP43KD cells are internalized 
into larger vesicular puncta.  CP43KD cells stably expressing YA/VD-Cx43 were 
immunostained for Cx43 (red), caveolin-1 (Cav1) and Lamp1 (green).  Note relatively 
large and varied size of Cx43-containing intracellular puncta.  Partial co-localization of 
intracellular Cx43 puncta with Lamp1 was observed.  Note also the lack of co-
localization of YA/VD-Cx43 with either Cav1 or clathrin.  



Figure S7.  Inhibition of MAP Kinase activity enhances gap junction assembly 

in LNCaP cells. A. Cx43-expressing LNCaP cells were treated with 5 or 10 µM 
U0126 for 30min.  Cells were fixed and immunostained for Cx43 (green) and E-
cadherin (red).  Note that U0126 treatment increases the number as well as 
immunostaining intensity of Cx43-gap-junction puncta.  B. Cells treated with 10 µM 
U0126 (TREAT) or 0.1 % DMSO (CNT) for the indicated time (in minutes) were lysed 
and probed with polyclonal antibody to phospho-ERK. Note inhibition of ERK activity.  
C.  The average number of Cx43 gap junction puncta (green) from images of Control 
(blue bars) and U0126 treated (red bars) cells were counted from 3 random 
microscopic fields captured with a 63x oil objective.  All cell-cell interfaces of 
approximately 20 µm or more were counted using the measure tool of 
Volocity.  *=p<0.0001 as determined by the student’s t-test.  
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Abstract 
 
1α-25(OH)2 vitamin D3, an active hormonal form of Vitamin D3, is a well-known chemopreventive and 

pro-differentiating agent.  It has been shown to inhibit the growth of several prostate cancer cell lines.  

Gap junctions, formed of proteins called connexins, are ensembles of cell-cell channels, which permit 

the exchange of small growth regulatory molecules between adjoining cells.  Cell-cell communication 

mediated by gap junctional channels is an important homeostatic control mechanism for regulating cell 

growth and differentiation.  We have investigated the effect of 1α-25(OH)2 vitamin D3 on the formation 

and degradation of gap junctions in an androgen-responsive prostate cancer cell line, LNCaP, which 

expresses retrovirally-introduced connexin32.  This connexin is expressed by the luminal and well-

differentiated cells of normal prostate and prostate tumors.  Our results document that 1α-25(OH)2 

vitamin D3 enhances the expression of connexin32 and its subsequent assembly into gap junctions.  

Our results further show that 1α-25(OH)2 vitamin D3 prevents androgen-regulated degradation of 

connexin32, post-translationally, independent of androgen receptor mediated signaling.  Finally, our 

findings document that formation of gap junctions sensitizes connexin32-expressing LNCaP cells to the 

growth inhibitory effects of 1α-25(OH)2 vitamin D3 and alters their morphology.  These findings suggest 

that the growth-inhibitory effects of 1α-25(OH)2 vitamin D3 in LNCaP cells may be related to its ability to 

modulate the assembly of connexin32 into gap junctions.  

  



Introduction 

 

The role of Vitamin D3, and its active hormonal form 1α-25(OH)2 vitamin D3 (1-25D), as an anti-

neoplastic, pro-differentiating, and pro-apoptotic agent has been established in a wide variety of normal 

and malignant epithelial cells, including prostate cancer (PCA) [1–4].  The actions of 1-25D are 

mediated by binding to its receptor, VDR, one of the members of nuclear receptor superfamily, which is 

expressed in a wide variety of cells including prostate.  The VDR heterodimerizes with the RXR 

receptor and binds to VDR response element to alter gene expression [1].  Based upon the observation 

that PCA mortality rates in the U.S are inversely proportional to the geographically incident ultraviolet 

radiation exposure from the sun, and that ultraviolet light is essential for vitamin D3 synthesis in the 

skin, a role for this vitamin in decreasing the risk of developing PCA has been suggested [5,6].  

Numerous in vitro studies show consistent growth inhibitory and differentiation-inducing effects of 

vitamin D3 on prostate carcinoma cells, and animal studies show that it not only reduces the incidence 

of PCA by acting as a chemopreventive agent but also suppresses metastasis [7–10].   

 
Gap junction (GJ)s are ensembles of cell-cell channels that signal non-canonically, by permitting 

the direct exchange of small molecules (≤ 1500Da) between the cytoplasmic interiors of contiguous 

cells [11].  The constituent proteins of GJs, called connexins (Cxs), are coded by 21 genes, which have 

been designated according to their molecular mass [12].  Cell-cell channels are bicellular structures 

formed by the collaborative effort of two cells.  To form a GJ cell-cell channel, Cxs first oligomerize in 

the trans-Golgi network as a hexamer, called connexon, which docks with the connexon displayed on a 

contiguous cell [13,14].  Multiple lines of evidence now lend credence to the notion that cell-cell 

communication mediated by gap junctional channels is an important homeostatic control mechanism for 

regulating cell growth and differentiation and for curbing tumor promotion.  For example, impaired Cx 

expression, or loss of GJ function, has been implicated in the pathogenesis of several types of cancers 



and diseases [15–19].  Also, mutations in several Cx genes have been detected in genetic disorders 

characterized by aberrant cellular proliferation and differentiation [13,20]. 

 

Our previous studies showed that the expression of Cx32, which is expressed by the luminal 

cells of the prostate, coincided with the acquisition of the differentiated state of luminal cells [21,22].  

Moreover, we documented that the progression of PCA from an androgen-dependent state to an 

invasive, androgen-independent state was characterized by the aberrant trafficking of Cx32 and/or 

impaired assembly into GJs [22–24].  Furthermore, our studies showed that forced expression of Cx32 

into an indolent, androgen-responsive human PCA cell line, LNCaP, retarded cell growth in vivo and in 

vitro [22].  We have also shown that in LNCaP cells expressing Cx32, formation and degradation of GJs 

was regulated by androgens, which controlled the expression level of Cx32 posttranslationally by 

preventing its degradation by endoplasmic reticulum associated degradation (ERAD) [25].  Androgens 

are required to maintain the secretory (differentiation-related) function of luminal epithelial cells of 

normal prostate as depletion of androgens by surgical or chemical means triggers apoptosis or 

dedifferentiation of these cells [26–29].  Our recent studies have shown that retinoids, which also 

regulate the proliferation and differentiation of prostate epithelial cells [28,30], also enhance the 

assembly of Cx32 into GJs [31].  These studies lend credence to the notion that formation and 

degradation of GJs may be linked to the proliferation and differentiation of luminal prostate epithelial 

cells.   

Like androgens and retinoids, vitamin D3 is essential for the normal development of the prostate 

and has also been documented to modulate PCA progression [7,9].  Recent studies have shown that 

vitamin D suppressed prostatic epithelial neoplasia in Nkx3.1/PTEN transgenic mice [32].  

Epidemiologic, cell culture, and clinical studies have implicated antitumor effects of 1-25D for PCA and 

it has been suggested to be a potent chemopreventive agent [3,4].  However, in contrast to colon 

cancer [1,33], the potential of effectiveness of 1-25D in the chemoprevention of PCA has remained 



controversial despite numerous studies in transgenic mouse models of PCA and its use in clinical trials 

[1,2].  Earlier studies, including ours, have shown that the growth inhibitory and differentiation inducing 

effects of chemopreventive agents might be related to their ability to enhance gap junctional 

communication [34–38].  The luminal cells of normal prostate express Cx32 and form large GJs and 

progression of PCA is accompanied by loss of ability to form GJs [22,23].  Formation of GJs has been 

implicated in maintaining the polarized and differentiated state of epithelial cells [39].  These studies 

prompted us to examine the effect of 1-25D on the assembly of Cx32 into GJs in androgen-responsive 

human PCA cell line LNCaP.  Because 1-25D has been shown to increase the expression of AR in 

LNCaP cells [40], we rationalized that it might modulate androgen-regulated formation and degradation 

of GJs and affect growth of androgen-responsive PCA cells that express Cx32.  By using androgen-

responsive LNCaP cells, which express retrovirally introduced Cx32 [25], we show that 1-25D 

enhances the assembly of Cx32 into GJs.  Moreover, we further show that 1-25D prevents androgen-

regulated degradation of GJs post-translationally, independent of AR-mediated signaling.  Finally, our 

findings show that formation of GJs sensitizes LNCaP cells to growth inhibitory effects of 1-25D and 

alters their morphology. 

 

Materials and Methods 

Cell Culture 

Androgen-responsive human PCA cell line, LNCaP, was a generous gift from Dr. Lin [41].   

LNCaP-32 cells, one of the several clones of LNCaP cells expressing retrovirally transduced rat Cx32, 

and LNCaP-N cells, one of the several control clones selected in G418 after infection with the control 

retrovirus, have been described [25,31].  Parental LNCaP cells, hereafter referred to as LNCaP-P cells, 

were grown in RPMI containing 5% fetal bovine serum in an atmosphere of 5% CO2/95% air whereas  

LNCaP-N and LNCaP-32 cells were maintained in RPMI containing 5 % fetal bovine serum containing 



G418 at 200 μg/ml as described [25,31].  Steroid–depleted (charcoal-stripped) serum and phenol red 

free RPMI were obtained from HyClone Laboratories (Salt Lake City, UT).   

 

 Antibodies and Immunostaining 

The sources of both monoclonal and polyclonal antibodies against Cx32 have been described 

previously [24,25,31,42,43].  Mouse anti-occludin (clone OC-3F10) was from Zymed laboratories Inc. 

(South San Francisco, CA).  Rabbit antibodies against α- and β-catenin and mouse anti-β-actin (clone 

C-15) were from Sigma (St. Louis, MO).  Monoclonal antibodies against E-cadherin (E-cad), α-catenin, 

β-catenin, generously provided by Drs. Johnson and Wheelock (Eppley Institute), have been described 

[25,42,43].  A rabbit polyclonal anti-AR receptor antibody was from Santa Cruz Biotech (sc-13062, San 

Diego, CA).  Cells (1.5 x 105), seeded in six well clusters containing glass cover slips and allowed to 

grow to approximately 50 % confluence, were immunostained with various antibodies as described 

[24,25,31,42–44].  Secondary antibodies (rabbit or mouse), conjugated with Alexa 488 and Alexa 594, 

were used as appropriate.  Images of immunostained cells were acquired with Leica DMRIE 

microscope (Leica Microsystems, Wetzler, Germany) equipped with Hamamatsu ORCA-ER2 CCD 

camera (Hamamatsu-City, Japan) and analyzed using image processing software (Volocity, Version 

6.3; Improvision, Inc; Perkin Elmer) as described [42–44]. 

 

Stock Solutions 

Stock solution of 1-25D (10 µM) was prepared in ethanol and stored in aliquots at -80oC 

protected from light.  Synthetic androgen mibolerone (MB) and a natural androgen dihydro-testosterone 

(DHT) were purchased from BIOMOL (ENZO Life Sciences, Inc., Farmingdale, NY).  Stock solutions of 

MB and DHT were prepared at 1 mM in ethanol and stored at -20 oC in small aliquots protected from 

light.  They were appropriately diluted in the medium at the time of treatment.  All experiments were 

performed in yellow light as described [36,37]. 

 



Androgen Depletion and Other Treatments 

Cells were seeded in six well clusters with glass cover slips (1.5 x 105 cells per well) and in 6-cm 

(2 x 105  cells per dish) and 10-cm dishes (3.5 x 105 cells per dish) in 2, 4 and 10 ml complete medium, 

respectively.  Cells were treated by replenishing with fresh medium containing various reagents at the 

desired concentration when they attained 50 % confluence.  Controls were treated with ethanol such 

that the final concentration of the solvent did not exceed 0.1%.  When cells were to be grown under 

androgen-depleted conditions, normal cell culture medium was replaced with androgen-depleted cell 

culture medium (phenol red-free RPMI containing 5 % charcoal-stripped serum).  The controls received 

fresh medium containing normal serum.   

Western Blot Analysis and Detergent Solubility of Connexin32 

 

Cells (5x105) were seeded in 10 cm dishes in replicate in 10 ml of complete medium and grown 

to confluence in the presence and absence of various reagents.  Cell lysis, detergent solubility assay 

with 1 % Triton X-100 (TX-100) and the expression level of Cx32 were analyzed by Western blot 

analysis as described [25,42,43].  Briefly, after lysis in buffer SSK (10 mM Tris, 1 mM EGTA, 1 mM 

PMSF, 10 mM NaF, 10 mM NEM, 10 mM Na2VO4, 10 mM iodoacetamide, 1% TX-100, pH 7.4), total, 

detergent-soluble and -insoluble extracts were separated by ultracentrifugation at 100,000 x g for 60 

min (35,000 rpm in analytical Beckman ultracentrifuge; Model 17-65 using a SW50.1 rotor).  The 

detergent-insoluble pellets were dissolved in buffer C (70 mM Tris/HCl, pH 6.8, 8 M urea, 10 mM NEM, 

10 mM iodoacetamide, 2.5% SDS, and 0.1 M DTT).  Following normalization based on cell number, the 

total and TX-100-soluble and -insoluble fractions were mixed with 4xSDS-loading buffer to a final 

concentration of 1x and incubated at room temperature for 1 h before SDS-PAGE analysis.  Blots were 

developed with C-Digit (Li-COR, Lincoln, NE) using SuperSignal WestFemto Maximum Sensitivity 

Substrate (Thermo Scientific; Rockford, IL). 

 

Communication Assays  



 

Gap junctional communication was assayed by microinjecting Lucifer Yellow (MW 443 Da; 

Lithium salt), Alexa Fluor 488 (MW 570 Da; A-10436), and Alexa Fluor 594 (MW 760 Da; A-10438) 

using Eppendorf InjectMan and FemtoJet microinjection systems (models 5271 and 5242, Brinkmann 

Instrument, Inc. Westbury, NY) mounted on Leica DMIRE2 microscope.  After capturing the images of 

microinjected cells with the aid of CCD camera (Retiga 2000R, FAST 1394) using QCapture (British 

Columbia, Canada), the permeability of various fluorescent tracers was quantitated by scoring the 

number of fluorescent cells at 1 min (Lucifer Yellow), 3 min (Alexa 488) and 15 min (Alexa 594) after 

microinjection into test cell as described [22,25,42,45].  

 

Colony Formation and Cell Growth Assays 

Cell growth was assessed either by colony forming assay or by counting the number of cells as 

described [22,45].  For colony forming assay, 1 X 103 cells were seeded in 6 cm dishes in triplicate in 3 

ml culture medium.  After 24 h, one ml medium containing 1-25D, MB or DHT was added to the dishes 

to give the desired final concentration.  Cells were grown for 21 days, with a medium change every 4 

days containing the appropriate concentration of the above reagents, when they formed visible 

colonies.  Colonies in dishes were fixed with 3.7% buffered formaldehyde, stained with 0.025 % 

solution of crystal violet in PBS, and photographed.  For measuring cell growth, 5 X 104 cells were 

seeded in 6 cm dishes in replicate and treated with 1-25D described above.  Cells were allowed to grow 

for 10 days with a medium change at day 5.  Cells were trypsinized and counted in a hemocytometer.  

 

RESULTS 

 

Vitamin D3 Enhances Cx32 Expression Level 

We used LNCaP-32 cells that express retrovirally transduced rat Cx32 described previously 

[25,31].  We previously showed that in LNCaP-32 cells androgens regulated the formation of GJs, post-



translationally, by controlling the expression level of Cx32 by inhibiting its ERAD-mediated degradation 

[25].  Our subsequent studies showed that androgen-regulated degradation of Cx32 was abrogated by 

all-trans retinoic acid (ATRA) and 9-Cis retinoic acid (9-CRA) [31].  We thus rationalized that 1-25D 

might act similar to ATRA and 9-CRA.  Based on the earlier studies showing the effect of vitamin D on 

LNCaP cell growth [10,46–49], we treated LNCaP-32 cells with various concentrations of 1-25D to 

examine its effect on the expression level of Cx32.  We found that 1-25D increased Cx32 expression 

level in a dose-dependent manner (Figure 1A).  Significant enhancement was observed only at 

concentration above 1 nM.  Concentrations higher than 10 nM were toxic to these cells as assessed by 

the colony formation assay (unpublished data).  For subsequent studies we chose 10 nM 1-25D.  Time 

course studies showed that the increase in Cx32 expression level occurred as early as 12 h post-

treatment with 1-25D and reached a plateau at 72 h (Figure 1B).  The effect of 1-25D on Cx32 

expression level was as potent as of synthetic androgen, MB, and 9-CRA (Figure 1A,C).  Moreover, 

combined treatment with 1-25D and MB was more effective in increasing Cx32 expression level (Figure 

1C).  Vitamin D3 had previously been shown to affect the expression of level of E-cad, a constituent 

protein of adherens junctions, in colon cancer cells [33].  To determine if 1-25D also affected the 

expression level of adherens junction associated proteins, we measured the expression level of E-cad 

and its associated proteins α- and β-catenins as well as well tight junction associated proteins, ZO-1 

and occludin, 72 h after treatment with 1-25D.  The results showed that 1-25D had no significant effect 

on the expression level of E-cad and α- and β-catenins, however, the expression level of tight junction 

associated protein, occludin, was enhanced marginally but reproducibly (Figure 1D).  As measured by 

semi-quantitative RT-PCR analysis, 1-25D neither induced the expression of endogenous Cx32 in 

LNCaP-P or LNCaP-N cells (data not shown) nor altered the expression level of retrovirally transcribed 

Cx32 mRNA in LNCaP-32 as documented previously [25].  

 

Vitamin D3 Enhances Gap Junction Assembly and Junctional Communication  

We next examined the effect of 1-25D on the assembly of Cx32 into GJs.  We found that, 



concomitant with an increase in the expression level of Cx32, 1-25D also increased GJ assembly as 

assessed by immunocytochemical analysis (Figure 2A) and biochemically by Western blot analysis of 

total, Triton X (TX)100-soluble and –insoluble extracts at 48 h after treatment (Figure 2B).  This 

biochemical method is based on the principle that Cxs, which are incorporated into GJs, become 

insoluble in TX100 whereas Cxs that are not incorporated into GJs remain soluble [50].  This assay has 

been reproducibly shown to measure the assembly of Cxs into GJs as documented by earlier studies 

[24,25,50].  Moreover, we found that enhancement of GJ assembly was accompanied by a 2-3 fold 

parallel increase in junctional communication as determined by the junctional transfer of three GJ 

permeable fluorescent tracers, Lucifer Yellow (MW 443), Alexa 488 (MW 570), and Alexa 594 (MW 

760).  For example, 1-25D increased junctional transfer of Alexa 594 (MW 760) 2-3 folds compared to 

controls (Table 1).  The effect of 1-25D on junctional communication was as potent as of synthetic 

androgen, MB, and the natural androgen DHT (Table 1).  To determine if 1-25D affected the assembly 

of other junctional complexes, we also examined the detergent-solubility of adherens and tight junction 

associated proteins.  The rationale behind these studies was that E-cad has been shown to facilitate 

the assembly of Cxs into GJs [42,43,51], and Cx expression has been shown to facilitate the assembly 

of tight junctions and their constituent proteins [39].  We found that 1-25D had no significant effect on 

the solubility of E-cad and its associated proteins, α- and β-catenin, in TX-100 suggesting that their 

assembly was not further enhanced into adherence junctions.  The assembly of tight junction 

associated proteins ZO-1 and occludin appear to be marginally enhanced (Figure 2B).  Taken together, 

these data suggest that 1-25D, like androgens and retinoids, enhances the expression level of Cx32, 

and its subsequent assembly into GJs, without significantly altering the expression level of other cell 

junction associated proteins. 

 

Vitamin D3 Modulates Androgen-regulated Formation and Degradation of Gap Junctions  

 Earlier studies with LNCaP-32 cells had shown that androgen depletion caused degradation of 

Cx32 by ERAD, and that androgens enhanced GJ formation by re-routing the ERAD-targeted pool of 



Cx32 to the cell surface, making it amenable for GJ assembly [25].  In subsequent studies, we showed 

that androgen-regulated formation and degradation of GJs was prevented by 9-CRA and ATRAs [31].  

We rationalized that 1-25D might enhance GJ assembly by rescuing the ERAD-targeted pool of Cx32 

like 9-CRA and ATRA.  Therefore, we examined the expression level of Cx32 and its assembly into GJs 

upon androgen depletion in the presence and absence of 1-25D in LNCaP-32 cells.  For these studies, 

we used androgen-depleted (charcoal-stripped) and phenol-red free cell culture medium to grow cells.  

As was observed in our earlier studies [25], we found that androgen-depletion decreased the 

expression level of Cx32 within 12 h, which not only was prevented upon addition of MB but also by 1-

25D (Figure 3A).  Moreover, combined treatment with MB and 1-25D appeared to be more effective in 

enhancing the expression level of Cx32 (Figure 3A, upper blot).  We also found that androgen depletion 

decreased the expression level of AR, which was also prevented upon treatment with not only 

androgens but also with 1-25D (Figure 3A, bottom blot).  To substantiate the above data, we further 

assessed the formation of GJs immunocytochemically (Figure 3B) and functionally by measuring the 

junctional transfer of Lucifer Yellow (MW 443 Da), Alexa 488 (MW 570 Da), and Alexa 594 (MW 760 

Da) (Table 2).  The results showed that androgen depletion reduced the number of GJs profoundly as 

assessed by lack of Cx32-specific immunostaining at cell-cell contact areas, while GJs were readily 

observed when androgen-depleted medium was supplemented with 1-25D and MB (Figure 3B).  

Functional assays showed that the junctional transfer of Lucifer Yellow, Alexa 488 and Alexa 594 

decreased significantly upon androgen depletion, which was prevented upon replenishing androgen-

depleted medium with MB and 1-25D (Table 2), thus substantiating the immunocytochemical data.   

 

The immunocytochemical and junctional transfer data were further corroborated by the TX-100-

solubility assay (Figure 3C).  We also examined the effect of androgen-depletion on the detergent 

solubility of E-cad and β-catenin.  The results showed that the depletion had no discernible effect as 

was observed in our earlier studies (Figure 3C).  However, consistent with our earlier studies [25] , the 

androgen depletion increased the detergent-solubility of occludin but not ZO-1 (Figure 3C).  We also 



examined the effect of MB and 1-25D either alone or in combination on the formation of GJs in parental 

LNCaP-P and G418-resistant LNCaP-N cells and found that they had no effect (data not shown).  

Collectively, these data suggest that 1-25D prevents androgen-regulated degradation of Cx32 and 

enhances GJ formation in LNCaP-32 cells.  Because combined treatment with androgens and 1-25D 

was neither significantly synergistic nor additive, it is likely that GJ formation was enhanced by rescuing 

the same pool of Cx32 that was targeted for ERAD upon androgen depletion.  Moreover, as was 

observed in our earlier studies, the assembly and detergent-solubility of Cx32 and occludin into cell 

junctions, or vice versa, appears to be regulated coordinately [25].  

 

1-25D Enhances Gap Junction Formation Independent of Androgen Receptor Function 

Our data showed that 1-25D prevented the degradation of AR upon androgen depletion (Figure 

3A, bottom blot).  Also treatment of LNCaP cells with 1-25D had been shown to enhance AR 

expression level [40].  Thus, we considered the possibility that the effect of 1-25D on enhancement of 

GJ assembly depended on the function of AR alone — and not on the independent effect of 1-25D.  To 

test this notion, we treated LNCaP-32 cells with the anti-androgen, Casodex (Bicalutamide), to block 

androgen action [52,53].  Casodex caused degradation of AR and abolished the effect of MB and DHT 

on Cx32 expression level (Figure 4A) as was observed in our earlier studies [25,31].  However, we 

found that Casodex had no effect on the enhancement of the expression level of Cx32 resulting from 

treatment with 1-25D in androgen-depleted medium (Figure 4A).  To substantiate these data, we next 

examined the formation of GJs immunocytochemically in cells treated with Casodex in the presence 

and absence of MB and 1-25D.  We found that GJs were not formed when cells were treated with 

Casodex in normal serum or in androgen-depleted medium containing MB as was observed in our 

earlier studies (Figure 4B) [25,31].  On the other hand, we found that GJs were abundantly formed 

when cells were treated with Casodex and 1-25D (Figure 4B).  Altogether, these data suggest that the 

mechanism by which 1-25D prevents the degradation of Cx32 and enhances GJ formation upon 

androgen depletion is independent of AR.  



 

Connexin32 Expression Alters the Growth Response of LNCaP Cells to 1-25D  

Our earlier studies showed that Cx32 expression potentiated the growth inhibitory effect of 9-

CRA and ATRA in LNCaP cells [31].  To test if 1-25D has similar effect on growth, we measured cell 

growth of LNCaP-32 cells at concentrations that were barely growth inhibitory to LNCaP-P cells.  We 

determined cell growth by the colony forming assay as well as by counting the number of cells (Figure 

5, Table 3; see Materials and Methods).  As assessed visually by the size of the colonies, we found that 

the growth of LNCaP-32 cells was profoundly inhibited by 1-25D whereas the growth of LNCaP-P and 

LNCaP-N cells was not substantially affected (Figure 5A, B).  These data were substantiated by 

measuring the growth of LNCaP-32 cells at two different concentrations (Table 3).  For example, the 

growth of LNCaP-P and LNCaP-N cells was inhibited by only 20-25 % upon treatment with 1-25D (1nM 

and 2.5 nM) whereas the growth of LNCaP-32 cells was inhibited by 55-70 %.  Moreover, we found that 

higher concentrations of 1-25D (5 and 10 nM) altered the morphology of LNCaP-32 cells profoundly 

such that LNCaP-32 cells treated with 1-25D appeared flatter and more epithelial-like whereas these 

changes were minimally observed in LNCaP-P and LNCaP-N cells (Figure 6).   

DISCUSSION 

 

The main findings of this study are as follows: 1. 1-25D enhances the expression level of Cx32 

and its assembly into functional GJs in androgen-responsive LNCaP cells through inhibition of Cx32’s 

degradation.  2. Formation of GJs sensitizes LNCaP cells to the growth inhibitory effect of 1-25D.  We 

previously showed that 9-CRA and ATRA, the two well-known chemopreventive agents, also enhanced 

GJ assembly and sensitized these cells to their growth inhibitory effects [31].  Thus, it appears that GJ 

assembly is also the down-stream target of 1-25D in androgen-responsive LNCaP-32 cells, leading to 

suppression of growth.  Several independent lines of inquiry prompted us to undertake these studies.  

First, growth inhibitory and chemopreventive effects of retinoids and vitamin D3 had been previously 

documented to correlate with their ability to enhance the assembly of Cxs into GJs in other cancer cell 



types [35–37,54].  Second, the differentiated and polarized state of epithelial cells of the prostate, as 

well as of several other exocrine glands and tissues, had generally been found to coincide with the 

expression of Cx32 and its assembly into GJs [22,23,55].  Third, numerous studies had shown that like 

androgens [28,29], retinoids [54,56–60], and 1-25D were essential for the growth and differentiation of 

the prostate [4,7,61].  Hence, we rationalized that its expression and assembly into GJs might as well 

as be regulated by 1-25D either alone or in conjunction with the androgens.  

 

How might 1-25D enhance GJ assembly in LNCaP-32 cells?  Nearly 50 % of newly synthesized 

Cx32 is degraded in the endoplasmic reticulum by ERAD [62].  We had previously shown that in 

LNCaP-32 cells, androgen depletion caused the degradation of nearly 70-80 % of Cx32 by ERAD, and 

degradation was prevented upon replenishment with the androgens, which allowed Cx32 to traffic to 

the cell surface and assemble into GJs [25].  These studies further showed that androgens neither 

induced the expression of Cx32 in Cx-null LNCaP-P cells nor increased the expression level of 

retrovirally driven Cx32 in LNCaP-32 cells [25,31].  Thus, in LNCaP-32 cells, androgens enhanced the 

expression level of Cx32 posttranslationally [25].  Although not tested directly, our data seem to 

suggest that 1-25D also enhances GJ assembly by preventing the androgen-regulated degradation of 

Cx32 by ERAD posttranslationally both under normal and androgen-depleted conditions.  Like 

androgens, 1-25D neither induced the expression of the endogenous Cx32 in LNCaP-32 cells nor 

affected retroviral driven Cx32 mRNA transcripts.  Our previous studies with LNCaP-32 cells showed 

that AR-mediated signaling was the sole determining factor in enhancing Cx32 expression level and 

preventing GJ degradation both under androgen-depleted or androgen-containing medium as Casodex, 

which inhibits AR-function [63], annulled the effect of androgens on Cx32 expression level and its 

subsequent assembly into GJs [25].  With regard to 1-25D effect, our data showed that it enhanced the 

expression level of AR under androgen-depleted conditions (Figure 4A).  Therefore, it is possible that 

the effect of 1-25D in the absence of androgens may be indirectly caused by persistent and increased 

level of AR and its activation by the trace amounts of androgens present in the charcoal-stripped 



medium.  However, 1-25D also enhanced GJ assembly robustly in the presence Casodex in androgen-

depleted medium, which robustly decreased AR level and inhibited AR function (Figure 4B).  One 

plausible explanation for these findings is that 1-25D activates an AR-dependent mechanism under 

androgen-depleted conditions to rescue the ERAD-targeted pool of Cx32 yet triggers another signaling 

pathway to enhance GJ assembly when AR function is inhibited by Casodex both under normal and 

androgen-depleted conditions.  Further studies are required to explore this possibility.  Of note here are 

the findings that similar effects were also observed with 9-CRA and ATRA [31].   

 

Cadherins have been shown to facilitate the assembly of Cxs into GJs.  However, we failed to 

observe any significant effect on the expression and degradation of adherens junction associated 

proteins E-cad and α and β catenin both under normal and androgen-depleted conditions (Figures 2 

and 3).  Therefore, E-cad and its assembly into adherens junctions are not the likely targets of 1-25D in 

enhancing GJ assembly as was observed in human colon carcinoma cells [33].  The assembly of Cx32 

into GJs has also been shown to affect TJ assembly [39,64].  Our previous studies had shown that 

androgen depletion increased the detergent-solubility of occludin, without significantly altering its 

expression level, and that the trafficking of occludin to the cell surface and its detergent-solubility was 

controlled by the assembly of Cx32 into GJs under androgen-depleted conditions [25].  Similar 

observations were also made in other cell lines [39,65,66].  In this regard, our data suggest that the 

assembly of Cx32 and occludin might as well be coordinately regulated by 1-25D, and that this may be 

one of the additional mechanisms by which 1-25D maintains the polarized state of prostate epithelial 

cells and acts as a differentiating and chemopreventive agent.  Further studies are required to 

substantiate this notion.   

 

1-25D has been shown to induce G0/G1 arrest, differentiation and apoptosis of tumor cells by 

modulating different signaling pathways to delay tumor progression in different cancer cell types; 

moreover, it has also been known to potentiate the cytotoxic effects of many chemotherapeutic agents 



[1–3].  Several studies have shown that vitamin D inhibits the growth of PCA cell lines, including 

LNCaP, in both AR-dependent and –independent manner [10,46,47,67,68].  We found that the 

expression of Cx32 potentiated the growth inhibitory effect of 1-25D such that suppression of growth 

was observed at doses which had no discernible effect on the growth of Cx-null LNCaP cells (Figure 5, 

Table 3).  For example, doses of 1-25D — that were barely growth inhibitory to LNCaP-P and LNCaP-N 

cells — robustly inhibited the growth of LNCaP-32 cells (see Table 3).  Earlier studies had shown that 

LNCaP cells were sensitized to undergo apoptosis by tumor necrosis factor α, TRAIL, and anti-Fas 

antibodies when Cx43 was expressed via adenoviruses to which Cx-null LNCaP cells were resistant 

[69].  Moreover, expression of Cx32 not only inhibits the growth of cells but also induces differentiation 

in breast cancer cell lines as well as in LNCaP cells [22,70,71].   

 

What might be the possible explanation for the growth suppressive effects of 1-25D with regard 

to the assembly of Cx32 into GJs?  The signaling pathways that are activated or suppressed upon 

formation and degradation of GJs to impact cell growth and differentiation are not well-understood 

[16,17,72–76].  Elegant studies in Cx32 knockout mice revealed increased activation of mitogen-

activated protein kinases and decreased level of tumor suppressor p27Kip1 [77–79].  While it is well-

known that 1-25D suppresses the growth of several human PCA cell lines, the effect appear not to 

depend on the expression level of vitamin D receptor.  For example, only LNCaP cells were found to be 

exquisitely sensitive to the growth inhibitory effect of 1-25D whereas other PCA cell lines, such as PC-

3, DU-145 and ALVA-31, were barely sensitive despite the fact that all cell types expressed nearly 

similar levels of vitamin D receptor [47,68,80,81].  Also, in LNCaP cells the growth suppression by 1-

25D was mediated via increased expression of cyclin-dependent kinase inhibitors p21waf1/cip1 and 

p27kip1 as well as through hyper-phosphorylation of retinoblastoma protein, resulting in G0/G1 arrest 

[47].  Given the fact that Cx expression also has an impact on cell cycle [76,82], it is possible that 

transmission of growth regulatory signals through channels composed of Cx32 activates signaling 

pathways that increase the expression of gene-regulatory proteins involved in the control of cell cycle 



progression as proposed [18,76].  Given the multiple effects of 1-25D on different tumor cell types, it is 

at present difficult to envisage how its chemopreventive, pro-differentiating and growth-inhibitory effects 

are related to its ability to regulate formation and degradation of GJs [16–18,74,76,83].  More elaborate 

studies are underway to explore the molecular basis of the augmentation of growth suppressive effect 

of 1-25D in LNCaP cells upon formation of GJs.  

 

Several pre-clinical and clinical trials have suggested that a decrease in vitamin D3 levels 

contributes to the development and possibly to the progression of human PCA [1,2,84,85].  Connexin32 

is expressed by the luminal epithelial cells of normal prostate and is aberrantly assembled in the 

epithelial cells of prostate tumors [22,23].  Because GJs have been implicated in maintaining the 

polarized and differentiated state of epithelial cells [39], we propose that the chemopreventive effects 1-

25D in PCA may result from its ability to enhance formation of GJs.  Our results show that GJ assembly 

is the down-stream target of signaling initiated by 1-25D and that formation of GJs sensitizes PCA cells 

to its growth modulatory influence.  Because loss of cell junctions is a hallmark of PCA progression [29] 

and might occur as early as prostatic intraepithelial neoplasia [86,87], understanding basic cell and 

molecular biological mechanisms by which 1-25D might govern the formation of GJs will provide new 

insights with regard to signaling pathways utilized to maintain the polarized and the differentiated state 

of epithelial cells in prostate tumors. This should open innovative avenues for designing new 

therapeutic approaches to delay the onset of malignancy as loss of polarization is the earliest changes 

that may initiate PCA progression [86]. 
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Tables and Figure Legends 
 
Table 1.  Effect of 1,25D and androgen on the junctional transfer of fluorescent tracers in LNCaP-32 cells. 

 

 

Junctional 

Tracer 

Expt # Junctional Transfer 
a
 

NS NS+1-25D
b
 NS+DHT 

b
 NS+MB 

b
 

Lucifer Yellow 1 

 

2 

11.3±2.1(17) 

 

13.1±3.1(19) 

27.4±3.1(19) 

 

29.7±5.3(18) 

25.6±5.1(21)c 

 

29.1±7.3(27) 

34.7±5.7(22) 

 

38.1±8.3(20) 

Alexa-488 1 

 

2 

14.1±5.3(17) 

 

11.3 ±3.9 (22) 

26.7±4.9(27) 

 

21.3±4.2(24) 

26.9.±6.9(23) 

 

23.5±5.1(28) 

31.2±7.1(24) 

 

27.3±8.2(29) 

Alexa-594 1 

 

2 

6.2± 2.1 (20) 

 

7.7± 2.7(27) 

19.3±3.3(22) 

 

16.5 ±4.5(29) 

15.4±3.8(27) 

 

17.7 ±5.4(19) 

13.7± 2.3(23) 

 

14.9±4.1 (26) 

LNCaP-32 cells, seeded in 6 cm dishes in replicate, were grown to 65-70 % confluence.  Junctional transfer was 

measured after microinjecting fluorescent tracers (see Materials and Methods).   

a: The number of fluorescent cell neighbors (mean ± SE) 1 min (Lucifer Yellow), 3 min  (Alexa-488) and 15 min 

(Alexa-594) after microinjection into test cell.  The total number of injection trials is shown in parentheses.  

 

b: Cells were treated for 48 h with 1-25D, DHT (10 nM) and MB (2.5 nM). 

 
  



Table 2.  Effect of 1-25D and androgens on junctional transfer of fluorescent tracers in LNCaP-32 cells under 

androgen-depleted conditions. 

 

 

Treatment Exp # Junctional Tracer 

LY Alexa488 Alexa-594 

NS 1 

2 

13.3±3.7(31) 

12.2±2.5(32) 

23.7±4.3(29) 

29.1±6.4(23) 

17.7±3.9(27) 

15.3±5.4(21) 

Strip 1 

2 

1.9±0.6(25) 

2.5±0.9(28) 

2.9±0.3(26) 

2.3±0.7.(22) 

1.1± 0.3(21) 

0(17) 

Strip+MB 1 

2 

27.3±.4.5(37) 

31.7±5.4(26) 

27±3.9(28) 

34.1±6.7(24) 

16.1±2.9(27) 

17.1±3.9(29) 

Strip+1-25D 1 

2 

29.7±4.9(20) 

30.1±6.1(26) 

33.7±7.6(22) 

30.2±5.5(29) 

14.7±4.1(23) 

15.1±5.3 (22) 

Strip+DHT 1 

2 

19.2±2.9(26) 

23.1±4.3(20) 

27.2±6.3(27) 

29.8±6.1(23) 

18.1±5.1(33) 

15.6±5.3(26) 

     

 

LNCaP-32 cells were seeded as described in the legend to Table 1.  Cells were switched to charcoal-stripped, 

androgen-depleted medium (Strip) for 48 h in the presence and absence of 1-25D and synthetic (MB) and the 

natural (DHT) androgens.  Junctional transfer was quantified as described in Table 1 legend and in Materials and 

Methods.  
  



Table 3.  Cx32 expression sensitizes LNCaP cells to growth inhibitory effect of 1-25D. 
 

Treatment LNCaP-P LNCaP-N LNCaP-32 

Experiment # 1 
 

   

Control 
 

7.9 ± 1.5 (100 ± 19) 7.1 ±1.1 (100 ± 15) 6.5 ± 1.6 (100 ± 25) 

MB (2.5 nM) 6.1 ±  1.4 (77 ± 23) 6.2 ± 1.2 (87 ± 19) 3.7 ± 0.8 (57 ± 22 ) 

1-25D (1 nM)  6.8 ± 1.3 (86 ± 19) 6.8 ± 1.1 (96 ± 16) 2.9 ± 0.3 (45 ± 10) 

1-25D (2.5 nM) 5.9 ± 0.9 (75 ± 15) 6.3 ± 1.0 (89 ± 16) 1.9 ± 0.4 (29 ± 21) 

Experiment # 2    

    
Control 7.7 ± 1.8 (100 ± 23) 7.1 ± 1.7 (100 ± 24) 6.7 ± 1.5 (100 ± 22) 

MB (2.5 nM) 6.7 ± 1.1 (87 ± 16) 6.3 ± 1.2 (89 ± 19) 3.8 ± 0.6 (57 ± 16) 

1-25D (1 nM) 6.2 ± 0.6 (81 ± 10) 6.6 ± 1.3 (93 ± 20) 2.8 ± 0.8 (42 ± 29) 

1-25D (2.5 nM) 6.6 ± 0.9 (86 ± 14) 6.2 ± 1.5 (87 ± 24) 2.2 ± 0.7 (33 ± 32) 

    

    

LNCaP-P, LNCaP-N and LNCaP-32 cells were seeded in 6-cm dishes in replicate (5 x104 cells/dish) 
and treated with 1-25D (1 nM or 2.5 nM) and MB (2.5 nM).  Cells were grown for 10 days with a 
medium change at day 2 and 5.  Cells were trypsinized and counted as described in Materials and 
Methods.  The values represent Mean number of cells per dish x 105 ± SE of the Mean.  Values in the 
parentheses represent Means of % Growth ± SE of the Mean.   
  



Figure legends 

Figure 1.  1-25D increases Cx32 expression level.  Cx32-expressing LNCaP-32 cells were treated with 

the 1-25D, 9-CRA, DHT and MB as indicated.  A. Dose-dependent enhancement of Cx32 expression 

level upon 1-25D treatment for 48 h.  Note that significant enhancement is observed only at 

concentrations above 1 nM.  B.  Kinetics of enhancement of Cx32 expression level upon treatment with 

1-25D (10 nM) for the indicated times.  Note that enhancement is observed as early as 12 h.  C. 

Combined treatment with 1-25D with MB or 9-CRA is more effective in increasing Cx32 expression 

level than treatment with the single agent alone.  D.  Effect of 1-25D on adherens and tight junction 

associated proteins.  Expression of adherens junction proteins E-cadherin (E-cad), α-catenin (α-cat), β-

catenin (β-cat), and tight junction associated protein occludin (Occl) was analyzed by Western blot 

analysis of total cell lysate (10μg).  Note that only the expression of occludin appears to change 

noticeably.   

Figure 2.  1-25D enhances the assembly of Cx32 into gap junctions.  LNCaP-32 cells, grown either in 

six well clusters or 10-cm dishes, were treated with 1-25D (10 nM), MB (5 nM) and 1-25D plus MB for 

48 h.  A. Assembly of Cx32 (green) into GJs was assessed immunocytochemically.  E-cad is shown in 

red.  Note that GJ formation was enhanced upon treatment with 1-25D and MB.   B. TX100 solubility 

assay was used to measure the assembly of Cx32 into GJs, of occludin (Occl) and ZO-1 into tight 

junctions, and of adherens junction proteins, E-cadherin (E-cad) and α-catenin (α-cat).  Note that both 

the total level and the detergent-insoluble fraction of Cx32 increased significantly.  Note the absence of 

significant effect on adherens junction associated proteins, E-cad, and tight junction associated protein, 

occludin (Occl).  In (A), the nuclei (blue) are stained with DAPI. 

Figure 3.  1-25D blocks androgen-regulated degradation of Cx32 and gap junctions.  LNCaP-32 cells, 

seeded in six well clusters or 10 cm dishes, were switched to charcoal-stripped (androgen-depleted) 

medium (ST).  GJ assembly and the expression level of Cx32 were determined by Western blot 



analysis (A), immunocytochemically (B), and biochemically by TX-100 solubility assay (C) in the 

presence and absence of 1-25D (5 and 10 nM) and MB (2.5 nM).  TX-100 soluble and insoluble 

fractions as well as immunocytochemical assay were performed between 12-24 h post-stripping as 

described in Materials and Methods.  Note that GJs are degraded upon androgen depletion and 

degradation is blocked upon 1-25D treatment.  Note also that the TX-100 soluble fraction of E-cad (E-

cad), β-catenin (β-cat) and ZO-1 is not significantly affected.  Note also that TX-100 insoluble fraction of 

occludin (Occl) is decreased whereas the soluble fraction has increased.   In (B), the nuclei (blue) were 

stained with DAPI.   

 

Figure 4.  Effect of 1-25D and MB on the expression level of Cx32, AR and the formation of gap 

junctions in the presence and the absence of Casodex.  LNCaP-32 cells, seeded on glass cover slips, 

were grown to 70 % confluence.  Cells were then grown for additional 24 h in normal medium (NS), 

androgen-depleted medium alone (ST), normal serum supplemented with Casodex (10 µM; NS+CDX), 

androgen-depleted medium supplemented with MB (ST+MB), MB and Casodex (ST+MB+CDX), 1-25D 

(ST+1-25D), 1-25D and Casodex (ST+1-25D+CDX) and in normal serum with 1-25D (NS+1-25D). 

Expression level Cx32 and AR were analyzed by Western blotting (A) and immunocytochemically (B) 

as described in Materials and methods.  Note that GJs (green) are not degraded in cells treated with 1-

25D both in the presence and absence of Casodex whereas they are degraded in normal serum and 

androgen-depleted but MB supplemented medium containing Casodex.  In B, E-cad is shown in red 

and the nuclei (blue) are stained with DAPI.  

 

 

Figure 5.  Connexin32 expression and junction formation augments the growth inhibitory effect 

of 1-25D.  LNCaP-P, LNCAP-N and LNCaP-32 cells were seeded at clonal density (2 x 103) and 

treated with 1-25D (1 nM) after 24h.  Cells were grown for 21 days with a medium change every 4 days 



when they formed colonies.  Colonies were fixed and stained with crystal violet.  A.  Representative 

dishes showing colonies.  B. Morphology of the individual colonies at higher magnification.  Note the 

robust decrease in colony size in 1-25D-treated dishes.  

 

Figure 6.  1-25D alters the morphological phenotype of Cx32-expressing LNCaP cells.  LNCaP-P, 

LNCaP-N and LNCaP-32 cells were seeded at a density of 2-3 x104 per 6-cm dish and treated with the 

indicated concentrations of 1-25D after 24 hrs.  After 5 days, cells were fixed and stained with crystal 

violet.  Note robust morphological changes in LNCaP-32 cells treated with 1-25D.  
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